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ABSTRACT
AbuHussein, Ahmed. Ph.D. The University Of Memphis. December, 2016. Novel
Solutions to Suppress Adverse Effects of Geomagnetically Induced Current (GIC) on
Power Systems Major Professor: Dr. Mohd. Hasan Ali.

Solar storms lead to geomagnetic disturbances (GMDs) which, in turn, drive
geomagnetically induced currents (GICs) along transmission lines and through the
grounded neutral of transformers. GICs cause half-cycle saturation in power transformers
and increase their reactive power loss drastically. Consequently, due to a significant lack
of power system reactive power support, voltage instability and potentially large-scale
voltage collapse occur. Transformers may be overheated, and in the worst case, may be
permanently damaged.
There are few methods reported in the literature to mitigate the effects of GICs on power
systems. However, those methods are extremely expensive and complex. This
dissertation investigates new possible approaches, such as controlled variable grounding
resistance and variable series reactance, to cope with the GICs, without interfering with
the system’s normal operation and avoiding the complication associated with the existing
methods. Also, this dissertation analyzes the effect GICs on distribution networks and
renewable energy sources. Furthermore, an algorithm is developed in order to minimize
the number of GIC blocking devices (BDs) installed and to optimize the critical
placement points.
The GIC study is divided into five stages; 1) Modeling of GIC and the power system, 2)
Investigation of GIC effects on power transformers and harmonics, 3) GIC mitigation
using controlled ground resistor, 4) GIC blocking using series variable reactance, and 5)
Optimal placement and quantity minimization of GIC blocking devices.
v

In order to demonstrate the effectiveness of the proposed new solutions, the GIC is tested
on both transmission and distribution levels. Different voltage levels are considered, such
as 765 KV, 500 KV, 138 KV and 25 KV. Simulation results were obtained and validated
using the MATLAB/SIMULINK software. The experimental results confirm the
effectiveness of the proposed solutions in blocking the GIC and limiting fault currents.
Also, the performance of the proposed variable grounding resistance is better than that of
the conventional fixed capacitor method. Moreover, the proposed algorithm for optimal
placement of BDs works effectively.
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CHAPTER 1
INTRODUCTION
A. Overview
With the escalating electricity demand and the integration of renewable energy
resources in remote locations into the power grids around the world, the need for
continuous power supply, and a reliable power system is of a vital importance [1].
Any unpredicted disturbance in the normal operation of the power grid can have
unrecoverable consequences unless contingency means are utilized. Power system
disturbances causes voltage instability, load shedding, and equipment damage, erratic
operation of power system components, and eventually leads to a collapse and system
blackout [2]. Although the power grid is robust to most disturbances, it cannot be
considered hundred percent reliable.
Power systems disturbances can be categorized as 1) short-term disturbances, 2)
long-term disturbances [2]. The short-term disturbances usually associated with the
electrical faults with all the fault variations. Also, short-term disturbances can be related
to lightning strikes, huge load switching. Short-term disturbances (as the name implies)
are timely limited within milliseconds to multiple seconds. On the other hand, long-term
disturbances duration can vary from seconds up to days. The long-term disturbances
could be under/over voltages, harmonics presence (produced by nonlinear loads), and
nature phenomena. Apart from electrical faults and voltage transients which are
considered as the main cause of disruptions in the power grid, weather conditions are also
an important factor during system planning and design. Space weather is an issue that is
becoming increasingly important.
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The interaction between the sun, the earth magnetic field, and the atmosphere is
the main source of space weather. The sun activity directly affects the earth’s
magnetosphere; any significant variation in the sun emissions causes a corresponding
Geomagnetic Disturbance (GMD). A GMD is defined as a temporary disruption in the
earth’s magnetosphere caused by sun emissions towards the earth such as Solar flares,
Radiation storms, Coronal Mass Ejections (CME). These solar phenomena are attributed
to the sun internal reactions [3]. CME’s consists of electrically and magnetically charged
particles, once those particles collide with the earth’s magnetosphere they cause what is
called geomagnetic storms (see Fig. 1). Geomagnetic storms beams collide with the
ionosphere producing fluorescence lights commonly known as aurora and creating a
stream of currents in virtual conductors hundreds of kilometers above the surface of the
earth named Electrojets.

Fig. 1. Graphical Description of a Coronal Mass Ejection [4]
2

Fluctuations of the electrojets intensity and direction produce an electric field at
the ground level, called a geoelectric field. The geoelectric field accumulates with
distances causing the ground potential difference between spatially apart locations. This,
in turn, induces a quasi-dc current that flows in long conductors (Electric power
transmission lines, pipelines, Telecommunications cables …etc.) on the earth surface
with the direction of the geoelectric field. This current is what is referred to as the
geomagnetically induced current (GIC). Fig. 2 explains the GIC phenomena in power
lines.
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Fig. 2. GIC phenomena in power lines
GICs in power systems flow through the transmission lines and through
transformers’ neutrals into the ground, which can cause real harm to the power
3

equipment. The resulting GICs are predominantly direct currents (DC) in nature and are
typically more pervasive in the more northerly latitudes and in those regions [5]. And this
is due to: 1) the resistivity of the earth’s crust at high latitudes is high to a considerable
depth. This is notably the case in areas of igneous rock deposits. 2) The earth’s magnetic
field intensity is the greatest near boreal and austral auroral zones. This is due to the
convergences of the lines near those zones.
Of all the critical space and terrestrial man-made equipment, electric power grids
deal the most damage from GIC as they are widespread which makes them better
receptive to stray GIC currents. During a GIC event, the grid suffers from subsequent
problems like voltage fluctuations and vast power outages due to equipment failure [6].
Lengthy power outages over a large area result in huge economic losses. Needless
to say, public and emergency infrastructures are damaged due to a power blackout [7].
Unlike most natural disasters where the less fortunate areas are affected the most, during
a GMD event, the advanced countries with sophisticated power networks suffer the most.
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B. Motivation
GIC has a harmful impact on power systems, with a large footprint (Continents).
Until now, the adverse effect of GIC is being mitigated by either (1) operational
procedures or (2) grounding fixed capacitor. The prior mitigation arts are discussed in
details in the literature review part in chapter 2. From the literature review it is inferred
that:
(1) Operational procedures are uncertain and reduce the reliability and
dependability of the service. Also, energy losses and cost are increased.
(2) Grounding fixed capacitors, incur voltage spikes and undetectable faults, are
costly, and require protection circuitry.
(3) There is not a comprehensive study that considers the performance of the GIC
blocking device under the presence of unsymmetrical fault currents.
(4) The GIC investigations are made on transmission networks only. Yet, no one
has considered the effect of GIC on the distribution and sub-transmission voltage level.
(5) Also, the GIC studies have not yet investigated the effect of the GICs on the
distributed renewable generators.
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C. Objectives
This dissertation focuses on mitigation of GIC related issues in power systems.
The objectives of this GIC study are four folds; 1) Modeling of GIC and the power
system, 2) Study the GIC effects on power systems in general and power transformer in
specific, 3) explore new efficient GIC mitigation techniques, and 4) provide optimal
placement and blocking device minimization technique.
1) Modeling the GIC and the power system
In order to test the GIC effects on power systems and to implement the mitigation
strategies and devices, few power systems cases were modeled to validate this research
proposition. The GIC was tested on both transmission and distribution levels. It is
important to prove that the GIC is not restricted to high voltage transmission lines only.
Different voltage levels were considered, such as 765 KV, 500 KV, 138 KV and 25 KV.
Also, in this work, another area of study, i.e., the impact of GIC on renewable generator
systems has been addressed. It must be noted that earlier GIC studies (after the HydroQuébec GIC blackout 1989) so far focused on the power system conventional parts
especially the power transformers. However, the world now is going towards the green
energy, and renewable energy generators are growing substantially and providing a
considerable amount of energy to the total energy consumption. Therefore, they cannot
be ignored, also, there is a gap in GIC studies incorporating renewables that need to be
filled.
2) GIC effect on power systems
Modeling GICs into the system is an important step in studying its effects so that
system operators can take educated, real-time decisions in countering the flow of GIC.
Initially, Geomagnetic storms were understood to occur at higher latitude regions near the
6

poles, but during recent events, GICs were observed to have effect as far as countries like
South Africa and Brazil and other mid and low latitude regions [8]. GIC phenomena have
a continental impact, its effect varies from case-to-case, and on the power system in
different areas. So, observing the effects on the power system assets through various
transmission and distribution levels helps identify vulnerable areas and develop an
organized mitigation measures. Therefore, in this work, multiple cases have been
addressed as mentioned in objective one. In addition to the conventional power systems,
the effect of GIC on renewables and distributed generators such as photovoltaic plants
(PV) and wind power generators has been studied.
3) GIC mitigation and blocking strategies
The primary objective of this dissertation is to develop a GIC blocking device that
can protect the power systems. Due to the unpredictable nature of the geomagnetic
storms, there is not a practical solution to the GIC phenomena that does not add huge cost
and reduce the versatility of the power system. So far, many operational measures were
standardized to cope with GIC events and to maintain voltage stability and power
networks overall stability.
However, these methods depend mainly on, firstly, enhancing the reliability of the
network by backing up crucial components (generators, transmission lines, and
transformers), or secondly, less prior load shedding. This is not only considered a waste
of financial resources but also considered a temporary solution, since the power systems
are always expanding and backing up does not provide a root solution to the GIC issue.
The proposed mitigation means would not only block the GIC, but also minimize
fault currents in power systems. The developed devices should meet all industrial and
technical standards such as the International Electrotechnical Commission (IEC), the
7

Institute of Electrical and Electronics Engineers (IEEE), and the American National
Standards Institute (ANSI).
4) Optimal placement and blocking device minimization
In bulk power systems where there are multiple substations and grounding points,
the placement of the blocking device is a tedious problem with several variables; system
parameters (V, P, Q,…etc.), location, cost, and quantity. In such cases, it is more
convenient to form it into an optimization problem.
Another feature of this work is optimizing the location and the number of
blocking devices required in a multi grounding points system. The implemented
optimization technique is a universal technique that can be applied to any power network
with a different number of transformers. The optimization technique was inspired by the
work performed in [9] in which the authors employed the genetic algorithm (GA)
technique to find the optimal points, however, the GA technique will provide a different
solution to the problem in every run. This can be problematic in widespread networks. In
this work, this issue was overcome and a technique was provided that would generate a
unique solution to the issue.
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D. Novelty of the Work
The novelty and contribution of this dissertation are stated below:
 Highlights on negative sequence harmonics associated with GIC: GICs are known to
enter the power system through the grounded neutral of a wye-connected transformers.
Accordingly, GICs only flow on the high voltage side of power transformers and their
impact are only seen in the high voltage circuits. In this work, it is found out that the
harmonics generated by the presence of GIC on the high voltage side are amplified on
the low voltage delta side. Also, the GIC generates unusual negative sequence
harmonics on the delta side that causes excessive heating, voltage spikes in the dc link
of power converters.
 Proposition of novel multipurpose power systems solutions: Currently, to cope with the
GIC, some operational procedures are followed. Or, grounding capacitors are installed
to block the GIC. However, the current methods are either considered ineffective or
highly expensive solution for a problem that is not as frequent as, for example, faults.
So, multi-objective devices are proposed that can block the GIC, limit fault currents
and enhance a system’s power quality.
 The Variable Grounding Resistance: It is first of its kind device that can block GIC
current and supress zero sequence fault currents. The grounding resistance value is
dynamically set based on the neutral current level. The variability of the resistance is
done either mechanically by an actuator, or effectively by solid-state switch. The
variable grounding resistance is proposed with three different types of controllers, i.e.
Proportional-Integral (PI) controller, Look-up-table (LUT) controller, and Fuzzy based
Controller.
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 The variable series reactance: It is a capacitive based series device that is proposed to
block GIC continuously by varying the reactance value. The AC characteristics of the
system can be flexibly controlled, but the DC current is always blocked.
 Investigation of the GIC impact on distribution networks: The GIC studies so far
focused are on high voltage power network, especially, transformers and reactive
power support. In this dissertation, a new area of GIC studies, that is, the GIC impact
on distribution networks is performed.
 Investigation of the GIC impact on renewable generators: Until now, there were not
any incidents recorded that combined renewable generators failure with GIC. However,
as the renewable generators are increasingly integrated with the current power grid, it is
inevitable that they will become exposed to the GIC’s adverse effect. So, in this
dissertation, the effect of the GIC on renewable power generators and their powerelectronics interfaces is investigated.
 Prompt and deterministic placement optimization algorithm: Another feature of this
work, an algorithm is developed to optimize the point of placement and the number of
blocking devices needed for any multiple neutral points system.
 Look-up-table (LUT) based controller: The controller is a pre-calculated map out of the
conventional Proportional-Integral (PI) controller. The conventional PI controller
receives the current measurement and accordingly regulate the resistor. The process of
calculation consumes significant time. So, during the design and simulation, the
proposed LUT controller saves the registered input measurement with their
corresponding outcomes of the PI controller in a table. Then, it recalls the collected
data when applied in the real system.
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E. Outlines
In this dissertation, there are eight chapters including the Introduction. Chapter
(II) Literature Review gives a brief discussion on the history of GIC events, the GIC
impact on power systems, control and protection circuits, Also, it summarizes the GIC
mitigation techniques, their advantages, and disadvantages. Chapters III-VII correspond
to the five stages of this study. In chapter III, the steps of modeling the GIC and the
power system components are presented. Chapter IV investigates the effects of GIC on
power transformers and harmonics. Chapter V proposes the variable grounding controlled
resistor method to suppress the GIC and the fault currents. Chapter VI proposes a new
family of devices that vary the reactance of transmission lines, and hence they can block
GIC and fault currents. Chapter VII adds a new area to the GIC research which is the
effect of the GIC on distribution networks. In addition, it proposes a new technique to
optimize the placement of the blocking device. The work performed in the five stages is
concluded in chapter VIII.
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CHAPTER 2
LITERATURE REVIEW
A. History of geomagnetic storms and GIC
Research of the geomagnetic disturbances on electrical systems dates back to
September 24th, 1848 when the first observation of the GIC was detected in the telegraph
line in the south of England. According to [10] aurora was clearly visible, also all the
telegraph lines in operation were interrupted by the earth currents. In 1859, the English
amateur astronomers Richard Carrington made the first observations of a solar flare. The
lowest latitude extent of the visible aurora was 18º geomagnetic latitude (near Panama)
[11]. Although electric systems were not popular then, however, this storm was recorded
in the telegraph systems worldwide and forced the telegraph operators in Boston and
Portland to disconnect their battery systems. Since then over thirty-five geomagnetic
disturbance incidents were reported according to [12]. However, the first storm reported
that affected the power systems specifically was on March 24th, 1940. Power companies
in the US and Canada reported voltage dips, large swings in reactive power, and tripping
of transformer banks [12]. Several incidents after that were reported on GIC disruption
of power system components, such as the two trips in October 1980 and April 1981 of the
500 kV line from Manitoba to Minnesota [13], and also in July 1982 when four transformers and
15 lines tripped in Sweden [14]. Also, there have been relatively few studies that discuss the

impact of geomagnetic storms on power systems. However, it was not until March 1989
in Hydro-Québec where the GIC caused a blackout that left millions of people without
power for up to nine hours. The Hydro Quebec incident was in many ways a
groundbreaking event in terms of the research that was carried out after the event.
Another event that drawn the attention of the reliability researchers and the risk
12

management organizations is the October 2003 famous for the “Halloween storm” that
was widespread all over the world and a GIC neutral current of 330 A was observed in
Sweden power system transformer during this event leading to its failure [14].
1) March 13th-14th, 1989-Hydro Québec
The Hydro-Québec power system collapsed on March 13-14 of 1989, as a
geomagnetic storm hit the earth with a magnitude of 500 nT/min. The storm was firstly
spotted on March 10th that year by astronomers who noticed solar flares hurling toward
the earth. A few days later a geomagnetic storm was noticed that caused variations in the
earth magnetosphere. These variations caused the earth current to flow in the igneous,
low conductive ground in the Quebec area, and these currents entered the transmission
lines through the grounded neutrals of the transformers. Due to this, transformers suffered
what is called half-cycle saturation resulting in harmonics, overheat and huge reactive
power consumption by the transformers. This storm resulted in the collapse of the entire
Québec grid in 92 seconds. Seven online static var Compensators (SVCs) tripped,
resulting in a voltage drop of 0.2 pu. The interconnections to Montréal tripped due to loss
of synchronism, hence the networks got separated [15]. The incident left 6 million
customers in the black. The blackout did not reach the USA. However, there were many
reports of lines being tripped and other power system problems. Also, irregularities were
recorded around the globe during the next 24 hour period, and a large transformer located
at a nuclear plant in New Jersey was damaged and taken out of service [16].

2) October 19th -November 7th 2003-Halloween Storm
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Surprisingly, in 2003 when solar cycle activity was on the decline three years
after a solar maximum, an outbreak of 17 major flares erupted on the sun. The flares
caused the sun's magnetic field lines to stretch then suddenly break beyond its limit. As a
result of coronal mass ejections (CMEs), enormous explosions on the sun's surface that
can blast billions of tons of electrified gas and subatomic particles into space at speeds up
to 5 million miles per hour towards the earth. This GMD event spread from the mid of
October till the early of November, and peaking at the 28th-29th. GIC was measured in
several transformers if different European countries. Disturbances were detected in the
British Isles and the Scottish Power Network during the storm [17]. In Malmo, Sweden,
HV transmission system tripped and caused a blackout to about 50,000 customers for
about 1 hour [18]. During this event, GICs were observed in several mid-latitude
countries such as South Africa [19], Spain [20] and New Zealand [21]. This event was
another breakthrough in terms of the GIC research, because in contrary to perceived
understanding that the GIC forms only near the poles, this event showed that the GIC
phenomenon is latitudinally independent.
B. GIC impact on power systems
The geoelectric field is cumulative which means that the gradient of voltage with
respect to distance increases and so is the corresponding GIC. Therefore, the GIC is most
likely to flow in long distanced transmission lines that connect to grounded substations
together.
Due to environmental and spatial constraints, power generation plants are usually
located far away from customers. The continuous increase in power demand and the lack
of distributed generation facilities necessitates the existence of a transmission network to
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transfer power over long distances. Fig. 3 shows the growth of the U.S. high voltage
transmission grid over 5 solar cycles (50 years) alongside with the power demand growth.
This geographically widespread infrastructure (see Fig. 4) couples through multiple
ground points mostly transformer grounded neutrals.

Fig. 3. Electric energy usage-power transmission line growth in the US over 50 years [22]

Fig. 4. The US 345kV, 500kV and 765kV substations and transmission networks [22]
15

A significant concern regarding the effects of a GMD event is the possibility of
damage to major equipment – especially damage to costly and long replacement lead
time equipment such as generators, SVCs, and HV/EHV transformers. From a technical
point of view, each type of equipment needs different considerations on the basis of
impact and whether or not existing automatic protection is sufficient to prevent long-term
effects.
Fig. 5 illustrates the effects of GIC on power systems components [1]. It is clear
that power transformers are the most affected by the GIC. Transformers generate unusual
even and odd harmonics under GIC conditions [23]. These harmonics are capable of
improperly triggering the relays, heating up transformers, and generators, which results in
the improper operation of the system’s components and might trip them right away and
causes damage in the long term.
Since the GIC flow will saturate the positive cycle of the AC exciting current
(Half-cycle saturation) [24], their reactive power consumption increases critically and
generates higher order harmonics which in turn trips shunt capacitors and SVC, and
eventually leads to a voltage collapse [16], [25].
GIC has a significant impact on high voltage transmission lines as well as power
transformers. Considering a long transmission line circuit (>250 km), in order to control
the voltage level along these high-voltage transmission lines, reactive compensators such
as SVCs and static synchronous compensator (STATCOMs) are required. Under the GIC
presence, as mentioned earlier, some compensators will trip and the voltage-drops of the
line increases, hence other compensators are overloaded trying to regulate the voltage
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drop with reactive power. This might destroy the fixed capacitors from overcharging as
well, which leads to an even more severe voltage sag [25], [26].
GIC is also attributed to the undesired tripping of relaying schemes. For instance,
some protective relaying of a shunt capacitor bank do not detect harmonic overcurrents,
some relays settings are based on normal 60/50 Hz conditions, while others only respond
to the average or the peak value. This can cause nuisance tripping during harmonic
waveform distortion since the harmonic currents see less impedance than does the
fundamental current. It is cautious to assess relaying systems in a sense of the GIC level
for which a specific shunt capacitor bank may trip or fail. Relays settings of the capacitor
bank are governed by the system resonant behavior. Resonances are often based on
specific system frequency and conditions, so it is necessary to study a large range of
possible system configurations, including a wide range of permutations of capacitor bank
status, in order to identify worst‐case harmonic current stress [27].
Harmonic currents flowing into a generator cause the system imbalance and
generates harmonics. Such abnormal voltage and currents subject the rotor of the
generator to thermal (heating) and mechanical stresses. According to the IEEE Standards
C50.12 [28] and C50.13 [29], salient pole and cylindrical synchronous generators must
be protected by the negative-sequence relays so generator protection would take
generators out of service before got heated. The GIC not only generates negative
sequence harmonics, but also generates even harmonics. So, according to [30], protective
relaying may not act before there is undue overheating caused by harmonics.
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Fig. 5. GIC impact on power system’s components
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C. GIC effects on protection and control circuits
During a GMD event, protection and control circuitry are susceptible to high
harmonic flow and saturation of their measurement current and voltage transformers
(CT’s and VT’s). This malfunction of the control systems causes unpredictable tripping
of crucial power systems components such as transmission lines, transformers, reactive
power support, and generators. Unintended tripping may reduce the system stability
margins and eventually may lead to system collapse [27].
1. Relays
Relays are widely used in the power protection systems. Earlier relays are
electromechanical based relays. Today, solid-state electronic based relays are more
common in electrical systems. Both solid state and electromechanical relays are affected
by the GIC- CT-saturation. However, electromechanical relays are more susceptible to
direct GIC interference. Microprocessor based relays run an algorithm that controls their
operation, so they are capable of filtering and sampling signals. On the other hand,
electromechanical relays lack the ability to filter out harmonics and DC components. So
all electromechanical relays require special attention when tested and when GMD is
simulated.
2. Current Transformers (CT’s)
Power transformers may saturate due to GIC as explained in section B. similarly,
current transformers may saturate as well, which result in their failure to replicate the
primary current on their secondary. Failure to give a correct reading leads to erroneous
outputs of the corresponding control circuit. Protection engineers must consider such
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cases where dc current (GIC or fault current with DC offset) might flow through them. So
CT’s must be sized large enough to prevent saturation.
For instances, the current differential relays are very popular protection scheme in
power transformers. It helps to protect the transformers against internal faults. The
working principles of differential relays are based on Kirchhoff’s current law (the sum of
the current entering a node must equal to the sum of currents leaving it). So, if the current
on both sides of the transformer is unequal, this means internal losses or a faulty winding
is detected and so transformer must be taken out of service (tripped).
If one side of the transformer (grounded Y side) experiences GIC, the CT’s at that
side would saturate, thus, reduced magnitudes are read and phase shifts might be detected
[31]. So the differential protective relay will consider the current deviation from the
primary and the secondary and trip the power transformer accordingly.
3. Global positioning system (GPS)
GPS is used in power systems to provide accurate time reference over the large
geographical area. This allows accurately synchronized operation of spatially distant
controllers, operators, and relays. GPS system may become unavailable during a GMD
event. This loss will hinder the normal operation of power systems and synchrophasor
wide area control.
4. Communication systems
Supervisory control and data acquisition (SCADA) systems and their
corresponding relays and measurement units usually are not located at the same location.
This is due to the advantage of centralized control over scattered units. In order to
achieve centralized control and supervision, data must be transferred in both directions in
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communication systems. Communication technologies adopted by power systems can be
fiber optics, radio, power line carrier (PLC).
Although, fiber optics are immune to GMD events, yet PLC and radio
communication technologies are highly susceptible to GMD risks. For instance, during
the GIC flow, the PLC can experience a decrease in the signal to noise ratio. This is due
to the low frequency and harmonics accompanied with the GIC [3].
5. Circuit Breakers
Zero crossing interrupting technique is used to operate the circuit breakers in
highly inductive networks where current lags the voltage. So the breaker would open
when their phase current crosses the zero point. This would help extinguish the arch
during high fault current.
If a fault occurs during a GIC event, the breaker normally would open considering
at the zero crossing of the AC current, assuming that the GIC magnitude is negligible
(few hundred amps) compared to ten thousand amps during a fault. However, due to the
DC shift, finding the zero crossing might be impossible in lightly loaded networks, where
GIC exceeds the line current. Thus, the breaker fails to extinguish the arc between the
poles. The arc might last for few minutes and cause damage to the circuit breaker [3].
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D. GIC mitigation techniques
In order to mitigate the adverse effect of GIC on power systems’ asset, power
companies adopt several techniques. Mitigation measures can be 1) physical GIC
blocking or suppressing devices, or 2) operational procedure that is followed by the
system operators.
Depending on the modeled effects in the system, mitigating techniques can take
one of the following forms: 1) Relocating var resources, 2) System reconfiguration, by
inserting circuits in and taking it out of service, 3) Load rejection, 4) Using GIC blocking
devices (BDs) on SVC transformers, and 5) Using GIC reduction devices to maintain
transformer currents below an arbitrary threshold, or 6) to ensure that key transformers
remain in service during any event [32].
1. GIC Blocking devices
There are various mitigation methods to block/ partially block the GIC
investigated in the literature [33]–[39]. GIC blocking means can be both passive devices
such as linear resistors [33] (see Fig. 6), capacitors with non-linear resistors
(Varistors/MOV) with capacitors [34], polarizing cells [33], neutral capacitors [35], or
series capacitors [37], see Fig. 7. Also, it can be active devices placed in-line or inserted
in the neutral of the transformer to cancel the DC currents directly [39]. Active devices
also can be placed in the tertiary winding to generate a magnetomotive force opposing to
the generated by the GIC [33].
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Fig. 7. The series and neutral capacitor GIC suppression methods
In [38], the authors have proposed using GTO switch at the neutral. The switch
would transform the system from solidly grounded into ungrounded wye system (see Fig.
8). The authors have added a protection circuit against faults composed of a parallel
resistor (50-100 ohms) and a surge arrester to drain the transient voltage during the
transition of circuit breakers and an Earth Switch (ES) to temporally by-pass the GTO
switch while circuit breakers operate.
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Fig. 8. The neutral switching GIC suppression technique proposed by [38]
Although those methods are reported effective during testing and simulation, they
have practicality and reliability issues. For instance, polarizing cells have a very low dc
voltage blocking limits, so high voltage power system would require a long string of cells
to block the neutral voltage under GIC effect. When using a capacitor in the neutral, any
close line-to-ground faults can generate transient overvoltage which leads to surge
protection devices associated with the blocking device to fail. Thus a very large capacitor
is required to support fault current or through bypassing the capacitor to discharge the
neutral capacitance, via parallel resistors, spark gaps, vacuum switch, MOV, or
interrupting protection circuit [36], which would add complexity and bulkiness to the
neutral solutions and increase the cost as well. Furthermore, an issue with using
capacitive blocking whether it is series in-line or neutral is the series resonance and
ferroresonance which may also occur and must be calculated for design. Unbalanced fault
currents increase due to the zero sequence impedance cancellation when the capacitor is
employed [40]. Based on the above, adding a resistance to the neutral in order to
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minimize the GIC currents unlike the capacitor reduces system’s complexity [33],
suppress GIC flow and minimize the fault current [41].
2. Operational procedure to mitigate GIC
Besides the proposed methods a combination of operational procedures can be
followed to protect the power system during GMD event. Strategies can be selected based
on vulnerabilities and the characteristics of the system:
2.1 Reduction of Equipment loading:


Dispatching of generations



Returning outage equipment to service



Starting off-line generation



Selective Load Shedding

Advantage:


This would allow the equipment to tolerate VAR and Harmonics Loading.



Reduce the transformers temperature allowing them ability to withstand the
heating coming from saturation.



Prepare for the contingency of possible loss of a transformer or a transmission
line.

Risks:


Loss of energy, running backup generators making online generators work below
their rated efficiency.



Although selective load shedding means disconnection of the least prior loads,
it still Reduces reliability and dependability of the network.
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2.2 Unloading Reactive loads:


Industrial Loads.



Distribution Transformers.

Advantage:


Loading capacitors with harmonics make them become a short circuit to relays
which causes tripping.



Also, saturation of transformer makes transformers act as a lumped inductive
load, which would increase the reactive power demand on reactive power
compensators, hence they trip.



It will provide the operating devices (SVC, STATCOM, Fixed Capacitor) an
additional margin to accommodate because these devices are sensitive to
harmonics current.

2.3 Reduction of System Voltage:


Reduce generator set point voltage.



Reduce insertion of the capacitor.



Reduce set point of LTC.

Advantage:


This would minimize the loading on capacitors, and allows the transformer to
operate farther from saturation point
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2.4 Controlled Isolation


Given the low probability of GMD events, system and equipment could be
isolated for a short amount of time giving that the GMD events are short lived.

Advantage:


Controlled islanding could save the network from the potential blackout.
Especially if the long lead-time equipment is considered.



In this method (Controlled Isolation) the customer impact is contained.

Risks:


Uncertainty with solar weather forecasting, unnecessary frequent disruption of
normal network services could reduce the reliability of the power grid.
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CHAPTER 3
GIC MODELING
The ability to model possible GMD events helps the assessment of GIC risks, its
adverse impact on the power network and the system’s behavior under GIC. So, it is
necessary to model GIC induced by various geomagnetic disturbances levels.
The process for computing GIC and its impact on power system is performed by 4
steps; 1) obtaining the geomagnetic data, 2) the estimation of the earth electric field, 3)
calculation of the GIC in the dc resistive circuit, and finally 4) load flow study, power
loss calculation, thermal losses estimation and voltage drop.
These steps are summarized in Fig. 9. The geomagnetic data are obtained from
the magnetic field and electrojets forecast. These values are openly available from
weather monitoring services like the Space Weather Prediction Centre (SWPC) in the
USA [42] and the Canadian Space Weather Forecast Centre (CSWFC) for Canada[43].
The electric field at the earth surface is estimated based on the geomagnetic latitude and
the earth layer conductivity. The earth field is applied on the modeled power system
(V/km) and the DC circuit analysis is performed to calculate the GIC. Then the AC
analysis of the circuit is performed to monitor the system reaction to the GIC presence.
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Fig. 9. Calculating GIC and its impact on power system
Many studies have been performed for the sake of estimating the GIC flow
instead of calculating it. These studies try to correlate between certain variables and the
GIC magnitude, such as; Kp (the geomagnetic storm intensity) and the reactive power
loss in the power transformer.
In [44], the authors forecasted the GIC by creating a correlation between the
temporal variation of ground induced magnetic field (∂B/∂t) using Artificial Neural
Networks. In [45], the authors proposed a technique to estimate GICs in a transformer by
measuring its absorbed reactive power.
Due to the rapid variation in the electrojets during a GMD, the calculation of the
geoelectric field can be lengthy and tedious and such time is not available during
instability events, thus the authors of [46], [47] proposed a complex image method
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(CIM) to estimate the geoelectric field produced at the earth level using a multilayered
earth conductivity model. The CIM method provides a fast computational and accurate
method compared to the integral computation of the geomagnetic field.
The following sections present the theory and practical details of the electric field
calculations and the GIC modeling. The calculation methods use two particular
assumptions in order to simplify the calculations: 1) the magnetic field variations are
uniform over the area of the power system and 2) the earth conductivity structure only
varies with depth (i.e., there are no lateral variations in conductivity). Section A explains
the integral method of calculating the geoelectric field from the geomagnetic data.
Section B discusses the calculation of the GIC flowing between two points from the
geoelectric field values calculated in section A. Section C explains the power systems
components modeling during GIC flow.
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A. Geoelectric Field Calculations
GIC modeling uses geoelectric field values as input. When examining the GIC
flow patterns across a network, it can be useful to perform steady state GIC calculations
based on an assumed magnitude and direction of the geoelectric field. This approach is
explained in the next section. However, determination of the GIC which occurs over time
during an actual geomagnetic disturbance requires the calculation of a time series
geoelectric fields produced in response the geomagnetic field variations. The theory and
procedures for performing these calculations are the topics of this section.
Above the surface of the earth 100km or greater, the electrojets are located in the
ionosphere of the magnetosphere. The variation in the electrojets currents impacts the
geoelectric field. The height of the transmission lines is insignificant compared to that of
the electrojets, so it is assumed that the transmission lines electric field is the same as the
electric field at the earth surface. The induced current in the earth also produces magnetic
fields that opposes the original magnetic fields leading to a decrease of the currents and
the fields by the depth. At low frequencies, the skin depth δ is characterized by:



2



(1)

δ is dependent on the angular frequency, ω, in radians; the conductivity, σ, in S/m;
and the free space value for the magnetic permeability μ0 = 4π x 10-7 H/m [48].
The GIC frequency is less than 1 Hz, which means that the GIC can flow at
hundreds of kilometers below the earth surface. This means, in order to calculate the
electric field at the earth surface the earth layers conductivity must be taken into account.
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Also, due to the multiple frequencies induced by the geomagnetic variations, it is better to
use superposition method to evaluate the effective electric field value.
Generally, in order to calculate the electric field at the earth surface, frequency
domain techniques are used. As shown in
Fig. 10, the magnetic field variations B(t) are collected, then the geomagnetic
field is transformed into the frequency domain using Fast Fourier Transform (FFT).
The geoelectric field E(ω) is obtained by applying the following equations at each
frequency component. In order to find the total geoelectric field in the time domain, an
inverse fast Fourier transform (IFFT) is performed.

FFT

E ( )  Z ( ) 

B ( )
 o

IFFT

Fig. 10. Using magnetic field data to calculate the electric field
The following equations describe the relationship between the geomagnetic field,
earth surface impedance and the geoelectric field in the frequency domain:

Ex ( )  Z ( )  H x ( )
Ey ( )  Z ( )  H y ( )
And the relationship between the geomagnetic field intensity, H(ω), and the
geomagnetic field density, B(ω), is given by,
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(2)

B( )   o  H ( )

(3)

Where Ex(ω) is the Northward geoelectric field (V/m), Ey(ω) is the Eastward
geoelectric field (V/m), Hx(ω) is the Northward geomagnetic field intensity (A/m),
Hy(ω) is the Eastward geomagnetic field intensity (A/m), Z(ω) is the earth surface
impedance (Ω), and μo is the magnetic permeability of free space [49].
The geomagnetic variation data in Fig. 11 is processed via FFT to obtain the
magnetic field spectrum as shown in Fig. 12.a B(ω), where the magnetic field spectra are
multiplied by the surface impedance value Z(ω) ( Fig. 12.b) to calculate the electric field
spectrum E(ω) found in Fig. 12. c. Then the IFFT is applied to provide the values in the
time domain. These calculations are performed for both the eastward (Ex) and the
northward (Ey) components of the geomagnetic field. The time series values of Ex and Ey
can be used as inputs in subsequent GIC modeling and analysis. In addition to the
frequency domain methods, time domain methods can be used as well [50], [51] .

33

Fig. 11. Recordings from the Ottawa Magnetic Observatory and calculated geoelectric field [52]

Fig. 12. Frequency domain parameters in geoelectric field calculations [52]

The earth conductivity varies with the earth layers depth, the rock type, and the
earth boundaries (see Fig. 13). The earth layers conductivity affects the earth surface
impedance. At lower layers the conductivity is higher due to higher pressure and
temperature.
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Fig. 13. Schematic of the internal structure of the Earth [49]

Earth resistivity values calculated in terms of fundamental frequency calculations
(60/50 Hz) are not appropriate for GIC studies. Instead, earth models have to be specially
built. There are different dimensional earth layers models, such as 1D, 2D and 3D [53],
[54]. Although 2D and 3D models may give more accurate results, the 1D excludes the
earth boundaries such as sea and land, mountains and plains and gives sufficiently
accurate conductivity values. A unidimensional (1D) representation of the earth
conductivities and depths are shown in Fig. 14. At each layer the skin depth must be in
kilometers or greater and the average conductivity is considered over these scales.
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Fig. 14. 1-D layered earth conductivity model [49]

Magnetotelluric studies gather geological information about the earth conductivity
for earth specific region. Earth conductivity models of the earth for the North American
region can be found at United States Geological Survey (USGS) [55].
Preliminary earth conductivity models for the PT-1 and the IP-4 regions, provided
by USGS, are shown in Fig. 15 and Fig. 16, respectively. In Fig. 17, the frequency vs the
impedance is shown for the region IP-4 and PT-1, the impedance of the region PT-1
increases drastically with the frequency.
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Fig. 15. PT-1 (Piedmont) 1-D Earth conductivity model [55]

Fig. 16. IP-4 (Great Plains) 1-D Earth conductivity model [55]
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Fig. 17. Frequency response of two layered Earth conductivity models [49]
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B. GIC calculation
Once the geoelectric field E (volts/km) is calculated in the northward and the
eastward direction, the potential gradient with the magnitude (E=- ∇V) in the opposite
direction is calculated. The components of the potential gradient in the east and the north
direction are given by [56]:

dV
  E. cos
dx
dV
  E. cos
dy

(4)

The direction is denoted by the angle θ with respect to the eastward direction (x
direction). The DC voltage induced in the transmission lines is given by the following
formula:

Vdc   E.dl

(5)

Where, l is the distance between to two ground potential points. Accordingly, the
DC voltage in the x,y-direction equals to:

Vdc  E. cos .l x  E.sin .l y

(6)

As explained in the introduction, the GIC enters and exits the power system via
the grounded neutral points such as transformers grounding. However, high voltage
transformers are placed in power substations that are geographically spaced and scattered
over different longitude and latitude points. It is necessary to take into account the non39

spherical shape of the earth. The earth is an ellipsoid with a smaller radius at the pole
than at the equator. So in order to calculate the distances lx and ly, the WGS84 earth
model used in the GPS system is used (Table 1).
The vertical distance is given by:

LN 


180

 M  lat

(7)

Where, M is the radius of curvature in the meridian plane and given by:

a(1  e 2 )
M
(1  e 2 sin2  )1.5

(8)

Φ is defined as the average of the two latitudes (degrees):



Lat ( SubstationA)  Lat ( SubstationB)
2

(9)

Similarly, the horizontal distance is given by:

LE 


180

 N  cos  Long

(10)

Where N is the radius of curvature in the plane parallel to the latitude:

N

a
(1  e sin 2  ) 0.5
2
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(11)

ΔLat and ΔLong are the difference between substation A and substation B in
latitude and longitude in degrees, respectively. Finally, the vertical (north-south) and the
horizontal (east-west) distances in km are given by:

LN  (111.133  0.56 cos(2 ))  lat
LE  (111.5065  0.1872cos(2 ))  cos  Long

(12)

Table 1. Parameters of the WGS84 Earth Model [57]
Parameter
Equatorial Radius
Polar Radius
Eccentricity Squared

Symbol
a
b
e2

Value
6378.137
6356.752
0.00669437999014

C. GIC modeling in power systems
The GIC flowing in the power systems is considered DC, thus to estimate the GIC
the power system is considered resistive and the reactive element are not included in the
calculation. Therefore, once the dc voltage is computed between the substations, the GIC
magnitude is calculated by dividing the dc voltage over the equivalent resistance between
the ground points.
The equivalent resistive power network includes the resistance of transformers,
and the transmission lines, the substation ground resistance, and GIC blocking devices.
Generators can be excluded from the analysis because they are isolated at dc from the rest
of the transmission system; thus an equivalent dc model is not required.
Power transformer: the grounded wye side of a transformer only is considered in
the GIC calculation, while the delta side is seen as an open circuit due to the absence of
the neutral. The equivalent resistive circuit of the transformer is 50% of the total per unit
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copper loss resistance. Transformer copper loss resistance are obtained from transformer
test records.
Transmission lines: the resistance of transmission lines are calculated as one-third
of the phase dc resistance at 50 C ̊ for each circuit. It is also optimized to model the GIC
source as a voltage source inserted in series with the transmission resistance instead of
modeling it as a current source in the neutral. This is due to the non-uniform
characteristic of the realistic GIC produced by the electrojets [58].
Series line capacitor: are used in power systems to regulate the line reactance,
thus improving the power transfer. When series capacitors are bypassed, they are
modeled as a resistor with the value of 100 µΩ and modeled as 1 MΩ resistor when
online.
Shunt devices: shunt reactors and shunt capacitors are widely used in the power
system to regulate voltage and reactive power. Shunt capacitors impose a very high
resistance for the GIC, so they are mainly ignored in the modeling. However, the reactors
have a very high X/R ratio, and hence a very low resistance. Shunt reactors provide a low
resistance path for GIC to the ground, so a three-phase grounded wye connected reactor
is modeled as a three phase power transformer (one-third of the phase resistance).
Equipment grounding: Power systems wye connected equipment are mostly
grounded via the neutral to maintain balance. The grounding can be 1) reactive grounding
via an inductance to reduce the fault current to the breaker and the instrument capability,
2) resistive to limit the zero sequence currents, 3) solidly grounded, and finally, 4)
capacitive grounding to block the GIC [59].
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During GIC flow Reactive grounding and solid grounding are modeled as a
resistor of the value of 100µΩ and the capacitive grounding is modeled as a 100MΩ
resistor [49]. However, in this dissertation, in the coming chapters, the solid grounding
are considered as resistless conductor and the capacitors’ resistive value are calculated
based on their fundamental frequency ohmic impedance (60 Hz).
D. Conclusion
This chapter summarizes the steps of calculating and modeling the GIC into the
power systems. The modeling is simplified, yet it considers the large footprint of the GIC
over the earth. The model also considers the earth layered conductivity and the curvature
of the earth.
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CHAPTER 4
INVESTIGATION OF GIC EFFECTS ON POWER TRANSFORMERS
A. Introduction
In order to reduce the power transfer losses in power systems, voltage is increased
and current is reduced. This is achieved by power transformers. Power transformers are
used in power systems to transfer energy between different voltage levels, and also to
isolate circuits electrically and couple them magnetically. Fig. 18 shows an ideal single
phase step-up transformer construction. The primary and secondary windings are linked
magnetically via the iron core in Fig. 18.

Fig. 18. Single phase ideal transformer construction
Ideally, the flux flow is constrained by the core itself. However, transformers
have some leakage flux that circulates in the air and this flux is noted by the leakage
inductance. The primary and the secondary windings are conductors with high inductance
and low resistance, the resistances are represented by the series resistance. Although
neither the primary nor the secondary current flows in the core, the coupling flux induces
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small current that flows in the core. The transformer equivalent circuit is shown in Fig.
19.
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Fig. 19. Transformer equivalent circuit
Power transformers are widely used in power systems and they are considered as
the key and most expensive instrument in power systems. According to Fig. 20, there are
2146 high voltage and extra high voltage transformers in the US power systems scattered
on a spanned geographical area. It must be noted that since the lead time of power
transformers varies between 12-24 months, the loss of any of those transformers means
the loss of serviceability of the associated power network. In addition, transformer
replacement would incur huge financial losses since a single unit cost lies within few
$2.5 to $10 million dollars [60] .
The primary threat of GIC to power transformers is the heating of winding and the
corresponding loss-of-life. Grounded neutrals of high voltage power transformers are the
entry points of GIC into the power system. Due to the slow variation of the GIC (less
than 1Hz), GIC appears as DC to the predominantly AC power system. DC currents
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cause severe bias to the transformer core. This phenomenon is termed as Half Cycle
Saturation. Half cycle saturation would induce heating and harmonics in the transformer
which impose potential failure risk to transformers and decrease the transformer life
expectancy.

Fig. 20. Number of 345kV, 500kV, and 765kV transformers in U.S. grid model [22]
B. Half cycle saturation
Modern power transformers require only a few amps of AC exciting current
which generates the flux necessary for the voltage transformation. The generated flux is
very relative to the core material which, in the case of the power transformers of interest
here, is steel. Considering the transformers characteristic curve “Φ-Iex” in Fig. 21, the
transformers are designed so they operate in the linear region only. However, under the
phenomenon of GIC, power transformers operate in the nonlinear/saturation region. The
GIC’s DC current shifts the operating point to the saturation region. Saturation is obvious
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in the transformer’s characteristics at the voltages/currents peaks. If the magnitude of the
excitation current Iex surpasses the linear region, the voltage saturates.

B

Linear Region
Knee of the Curve
Saturation Region

AC +DC

AC

Iex
AC +DC

Fig. 21. Half-Cycle saturation of power transformer
Significant increase in the excitation current generated by the positive GIC flow
into transformer core will saturate the positive cycle of the AC exciting current (Halfcycle saturation) [24]. The induced DC flux shifts the operating point of the magnetizing
curve and causes half-cycle saturation in the core forcing the flux to flow outside the
core, leading to harmonic currents, and increased reactive power consumption [15]. In
addition to the production of harmonics, unusual swing in real and reactive power flow,
intense stray flux, temperature rise and gas formation, audible noise and voltage drop
occur [61].
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C. Power transformer tested circuit
In order to illustrate the GIC effects on power transformers, a testing circuit is
built using MATLAB/SIMULINK. The circuit that is shown in Fig. 22 that consists of a
power grid rated 100 MVA, 60 Hz that is supplying a resistive load of 0.5 pu via a stepdown Wye-Wye transformer. The GIC is simulated as a controlled current source
injected in the neutral of the high-voltage side of the transformer. The GIC value varies
from 0 A to 400 A. The grid side of the transformer operates at different voltages, such as
230 kW, 500kv, and 765kv to test the GIC effect on high and extra high voltages adopted
in the U.S. power grid. The voltage at the load side is kept constant at 2.4kv since it has
minimal contribution to the GIC test. In addition to these three cases, the power
transformer is tested in the form of three-phase five limbs core type and in the form of
three single phase shell type transformer units. The reason behind this is that, the
magnitude of the DC flux magnitude in the core depends on the magnetic reluctance of
its path. Fig. 23 shows that the three limbs core type power transformers has a limited
core path for the DC flux. In the core form the dc flux passes from the yoke to the
transformer tank cover via high reluctance path (Air/oil), this provides the highest
reluctance path, and consequently the lowest DC flux offset. On the other hand, the shell
type transformers allow the DC flux to flow within the core low reluctance. Thus, higher
DC flux offset occurs.
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~ 765 KV
~ 500 KV
~230 KV

0.01 + j0.1 pu
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~ 2.4 KV

0.02+j0.1 pu

Load
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P=0.5 pu

GIC
0-400 A
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Fig. 22. SIMULINK power transformer testing circuit

Fig. 23. DC Flux paths in different transformers core forms [3]
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The transformer saturation curve and characteristics parameters are shown in Fig.
24, where the linear curve of high voltage power transformer is narrow and the excitation
current Iex required in the linear region is less than 1 A. Under normal operation, the
excitation current is sinusoidal and the operating flux lies within the linear region only
below 1.1 pu. Normally, transformers do not consume huge reactive power and the
voltage across their windings is fixed. As shown in Fig. 25, the reactive power
consumption and the voltage level of the modeled transformer are maintained at 0.045pu
and 1 pu, respectively.

Fig. 24. Flux vs. Excitation current (Transformer characteristics)
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Fig. 25. Transformer’s parameters under normal operation
D. Illustration of GIC effect on power transformer at different voltage levels
If a power transformer is subjected to GIC, a DC flux is introduced to the core.
The magnitude of this DC flux depends on the reluctance of the DC path. The DC flux
shifts the AC flux cycle by its magnitude, thus increasing the AC flux in half cycle in the
direction of the DC flux and attenuating the flux in the other half cycle. Hence, the name
goes half-cycle saturation. With this DC offset, the excitation current is neither sinusoidal
nor symmetrical and has high peaks at the saturated half cycle. In Fig. 26, the GIC effects
on the flux and the excitation current is visible. Also, disturbances in the negative cycle
of the hysteresis loop is evident. The dc current magnitude varies between (40-60 A) and
causes a voltage drop of 5% and an increment in the reactive power consumption to 0.3
pu.
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Fig. 26. Transformer’s parameters under the presence of GIC
The US grid consists of over 2000 high voltage power transformers operating at
voltage levels of 230kv, 500kv, 765kv, as shown in Fig. 20 and mentioned in the
introduction of this chapter. To clearly understand the effect of GIC on power
transformer, the GIC is applied in the circuit (Fig. 22) and at all the voltage levels. The
GIC current can become a substantial component of the line current. Therefore, the
reactive power losses and the voltage drop increases. Also, the GIC magnitude is
increased continually between 0-400 amps. The effects of GIC is tied with the
transformer excitation current RMS value (Iex), the flux (Φ), the active and reactive
power (P,Q), and the windings voltage and the current (V,I).
In Fig. 27, the active power drops drastically with the increasing GIC magnitude.
The power drops are steeper as the rated voltage of the transformer increases. Not only
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the active power response suffers from the GIC, but also the reactive power consumption
is increased in a higher rate than that of the active power drop, as shown in Fig. 28.
The MVAR consumption of the transformer at the maximum GIC (400 A)
reaches 155 MVAR, it is calculated based on the positive sequence voltage and current. It
must be noted that the variation of the MVAR consumption can be linearized with the
increase of GIC for the sake of the fundamental component of the exciting current [62].
The MVar drawn by the transformer can be easily estimated by using the following
formula:

Q (MVar) = kl*GIC + Q0

(13)

Here Q0 is the reactive power consumption from the normal exciting current (4.5
MVAR) and the value of GIC is in neutral. The value of kl is given in [62] for different
core designs, however for this specific transformer it can be estimated to be (0.42).
When a unidirectional current saturates the transformer half cycle, it attenuates
the flux produced in the other cycle. This would reduce the peak flux value and
eventually decreases the voltage induced across the windings. This can be seen in Fig. 29,
where the voltage drops linearly with the rise of GIC magnitude.
Due to the dc nature of the GIC, the dc excitation current magnitude is not
affected by the inductive representation of the core. So, any increase in the GIC DC value
will be replicated in the excitation current magnitude, as illustrated in Fig. 30. It must be
noted that KV rating of the transformer has almost no role on the excitation rise with
GIC. In Fig. 31, the peaks of the excitation current adds up directly to the half-cycle
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peaks of the line current. The base line current is 131 A, the rated current equals to 65.4
A on the high voltage of the transformer and the rated excitation current is less than 1 A.
However, when the excitation reaches -288.6 A, the line current negative half-cycle
peaks at -298.3 A. So, the increase in the line current RMS can be directly related to the
GIC as in Fig. 32.
Although the kv rating of the transformer has a meager effect on the excitation
current of the transformer during GIC, the kV rating increases the flux magnitude as the
flux is dependent on the amper-turn and the number of turns increases with higher
voltages (Fig. 33). Also, from the curve in Fig. 34, the linear region of the (Φ-Iex) curve
becomes slimmer with higher voltages which is explained by the lower excitation
requirement. The saturation region is shifted and lengthed with higher voltages.

Fig. 27. Active power drop vs. GIC rise for 230,500,765 KV transformers
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Fig. 28. Reactive power consumption vs. GIC rise for 230,500,765 KV transformers

Fig. 29. Terminal voltage drop vs. GIC rise for 230,500,765 KV transformers
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Fig. 30. Excitation current vs. GIC rise for 230,500,765 KV transformers

Fig. 31. Excitation current half-cycle contribution to the line current
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Fig. 32. Line current vs. GIC rise for 230,500,765 KV transformers

Fig. 33. Flux RMS vs. GIC for 230,500,765 KV transformers
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Fig. 34 Hysteresis loop in the negative half-cycle for 230,500,765 KV transformers
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E. Comparison between shell type and core type transformers
From Fig. 26-Fig. 34, it has been shown through various parameters that the GIC
effect on power transformers in one hand is dependent on the voltage level of the
transformer. On the other hand, it is also dependant on design factors, such as the core
construction type (shell/core) or three single phase tanks construction or three phase
single tank.
Fig. 35 shows that the reactive power consumption at all three voltage levels is
increased by approximately 11% when the transformer type is switched to single phase
shell type core. Also, the contribution of the excitation current to the line current is at the
same GIC value increased by 23%. This is illustrated in Fig. 36 and Fig. 37.

Fig. 35. Reactive power vs. GIC for shell type and 5 limbs core type transformers
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Fig. 36. Excitation current half-cycle contribution to the line current for shell type

Fig. 37. Line current vs. GIC rise for shell type and core type transformers
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F. Harmonics Analysis
Half cycle saturation of the transformer core generates unusual even and odd
harmonics in the system. According to [63], the three-legged core transformers have
narrower excitation current pulses compared to other types of cores. The magnetizing
current of the three phase 3 limbs cores has a magnitude for lower harmonics order. On
the other hand, the single phase shell type cores have relatively similar amplitude for all
low and high order harmonics.
In order to estimate the amount of harmonics introduced into the system, FFT is
performed to calculate the harmonics magnitudes at all harmonics order and the DC
components. The odd order harmonics are considered the severest in power systems. This
is due to the agreement of their peaks with the fundamental signal and also, triplen
harmonics are the source of the neutral zero sequence current. However, even harmonics
are dangerous as well, since due to higher amplitudes the system may suffer from
excessive heating, positive and negative sequence imbalance. The total harmonic
distortion (THD %) represents the harmonics content in electrical signals. The THD is
used to measure the healthiness and the reliability of power systems.
In order to calculate the harmonics introduced in the system by GIC flow, the FFT
toolbox is used in Matlab. The harmonics analysis is performed on both core and shell
type transformers. The THD is calculated based on the transformer primary voltage and
excitation current. Different voltage levels (765, 500 and 230 KV) have been tested to
compare the high voltage transformers vulnerabilities.
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From Fig. 38-Fig. 49, the highest THD of the transformer voltage is found in
transformers of higher voltage ratings (765 kv shell type), and the THD calculated is
20.71%. The main contribution of the voltage distortion is from the second order
harmonics. And the lowest THD of the voltage is found in the 230 KV transformers of
the core type. The THD% in the voltage signal is calculated as 10.41%.
On the other hand, the highest distortion in excitation current is found in shell
type transformers at a lower voltage. This is due to the high dc content of the flux. The
excitation current THD% for the 230 KV shell type transformer is found to be 56.37%.
Table 2-7 show the detailed harmonics measured from DC component up to the
16th harmonics for the tested cases. The tables include the order and the angle in degrees.

Fig. 38. FFT analysis for three phase core type 765 KV transformers (V) under GIC
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Fig. 39. FFT analysis for a single phase shell type 765 KV transformers (V) under GIC
Table 2: 765 KV transformers voltage harmonics content
Single Phase Shell Transformer
Freq.
Mag % Phase°
0 Hz (DC):
3.65%
90.0°
60 Hz (Fnd):
100.00% -0.7°
120 Hz (h2):
17.72% 165.3°
180 Hz (h3):
1.11% 67.5°
240 Hz (h4):
4.42% 5.3°
300 Hz (h5):
1.47% 95.1°
360 Hz (h6):
1.00% 49.5°
420 Hz (h7):
3.78% -6.4°
480 Hz (h8):
2.71%
0.1°
540 Hz (h9):
0.85% 36.8°
600 Hz (h10):
1.28% -2.8°
660 Hz (h11):
1.89% -8.5°
720 Hz (h12):
0.72% 26.8°
780 Hz (h13):
0.50% 104.1°
840 Hz (h14):
0.46% 13.2°
900 Hz (h15):
0.63% 17.4°
960 Hz (h16):
0.49% 86.6°

Three Phase Core Transformer
Freq.
Mag % Phase°
0 Hz (DC):
1.70% 90.0°
60 Hz (Fnd):
100.00% -1.0°
120 Hz (h2):
11.14% 163.3°
180 Hz (h3):
0.85% 70.4°
240 Hz (h4):
2.71% 139.1°
300 Hz (h5):
2.25% 137.0°
360 Hz (h6):
0.79% 54.1°
420 Hz (h7):
1.55% 118.7°
480 Hz (h8):
1.13% 108.0°
540 Hz (h9):
0.71% 40.0°
600 Hz (h10):
0.99% 98.2°
660 Hz (h11):
0.77% 82.9°
720 Hz (h12):
0.63% 28.1°
780 Hz (h13):
0.70% 78.5°
840 Hz (h14):
0.60% 62.5°
900 Hz (h15):
0.57% 18.0°
960 Hz (h16):
0.53% 58.8°
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Fig. 40. FFT analysis for three phase core type 765 KV transformers (Iex) under GIC

Fig. 41. FFT analysis for a single phase shell type 765 KV transformers (Iex) under GIC
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Table 3: 765 KV transformers excitation current harmonics content
Single Phase Shell Transformer
Freq.
Mag % Phase°
0 Hz (DC):
66.15% 270.0°
60 Hz (Fnd):
100.00% -90.0°
120 Hz (h2):
38.05% -89.7°
180 Hz (h3):
0.42% 89.8°
240 Hz (h4):
4.82% 95.0°
300 Hz (h5):
0.55% 229.5°
360 Hz (h6):
0.38% 87.3°
420 Hz (h7):
2.67% 87.8°
480 Hz (h8):
1.69% 91.0°
540 Hz (h9):
0.35% 85.3°
600 Hz (h10):
0.77% 77.1°
660 Hz (h11):
1.04% 82.7°
720 Hz (h12):
0.33% 84.3°
780 Hz (h13):
0.07% -13.8°
840 Hz (h14):
0.31% 69.5°
900 Hz (h15):
0.34% 83.3°
960 Hz (h16):
0.08% 91.5°

Three Phase Core Transformer
Freq.
Mag % Phase°
0 Hz (DC):
72.67% 270.0°
60 Hz (Fnd):
100.00% 269.2°
120 Hz (h2):
26.67% 269.0°
180 Hz (h3):
0.36% 91.5°
240 Hz (h4):
2.96% 259.1°
300 Hz (h5):
1.95% 261.2°
360 Hz (h6):
0.37% 91.3°
420 Hz (h7):
0.81% 248.4°
480 Hz (h8):
0.39% 241.9°
540 Hz (h9):
0.38% 90.1°
600 Hz (h10):
0.23% 217.9°
660 Hz (h11):
0.13% 157.2°
720 Hz (h12):
0.38% 88.2°
780 Hz (h13):
0.15% 137.0°
840 Hz (h14):
0.22% 110.2°
900 Hz (h15):
0.38% 86.1°
960 Hz (h16):
0.24% 104.2°

Fig. 42. FFT analysis for a three phase core type 500 KV transformers (V) under GIC
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Fig. 43. FFT analysis for a single phase shell type 500 KV transformers (V) under GIC

Table 4: 500 KV transformers voltage harmonics content
Single Phase Shell Transformer
Freq.
Mag % Phase°
0 Hz (DC):
2.22% 90.0°
60 Hz (Fnd):
100.00% -1.4°
120 Hz (h2):
13.25% 164.6°
180 Hz (h3):
0.73% 70.5°
240 Hz (h4):
8.22% -9.8°
300 Hz (h5):
5.51% -8.5°
360 Hz (h6):
0.66% 58.5°
420 Hz (h7):
0.78% 134.5°
480 Hz (h8):
0.80% -2.3°
540 Hz (h9):
0.53% 41.3°
600 Hz (h10):
1.67% 133.4°
660 Hz (h11):
1.65% 135.6°
720 Hz (h12):
0.49% 33.0°
780 Hz (h13):
1.45% -9.1°
840 Hz (h14):
1.02% 0.8°
900 Hz (h15):
0.43% 31.6°
960 Hz (h16):
0.43% -2.9°

Three Phase Core Transformer
Freq.
Mag % Phase°
0 Hz (DC):
1.09% 90.0°
60 Hz (Fnd):
100.00% -1.4°
120 Hz (h2):
11.53% 163.9°
180 Hz (h3):
0.61% 69.9°
240 Hz (h4):
3.90% -6.3°
300 Hz (h5):
1.01% 27.0°
360 Hz (h6):
0.55% 57.3°
420 Hz (h7):
2.29% -14.2°
480 Hz (h8):
2.12% -13.5°
540 Hz (h9):
0.47% 47.7°
600 Hz (h10):
0.36% 85.0°
660 Hz (h11):
0.67% -3.5°
720 Hz (h12):
0.41% 36.8°
780 Hz (h13):
0.85% 116.9°
840 Hz (h14):
0.59% 110.8°
900 Hz (h15):
0.38% 26.6°
960 Hz (h16):
0.40% 49.1°
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Fig. 44. FFT analysis for a single phase shell type 500 KV transformers (Iex) under GIC

Fig. 45. FFT analysis for a single phase shell type 500 KV transformers (Iex) under GIC
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Table 5: 500 KV transformers excitation current harmonics content
Single Phase Shell Transformer
Freq.
Mag % Phase°
0 Hz (DC):
63.00% 270.0°
60 Hz (Fnd):
100.00% 269.5°
120 Hz (h2):
44.66% 269.1°
180 Hz (h3):
0.20% 90.3°
240 Hz (h4):
14.44% 88.9°
300 Hz (h5):
7.87% 89.5°
360 Hz (h6):
0.16% 89.6°
420 Hz (h7):
0.86% -74.0°
480 Hz (h8):
0.75% 67.2°
540 Hz (h9):
0.16% 90.6°
600 Hz (h10):
1.35% 258.9°
660 Hz (h11):
1.25% 261.0°
720 Hz (h12):
0.17% 90.2°
780 Hz (h13):
0.97% 87.3°
840 Hz (h14):
0.61% 91.7°
900 Hz (h15):
0.16% 89.8°
960 Hz (h16):
0.27% 67.7°

Three Phase Core Transformer
Freq.
Mag % Phase°
0 Hz (DC):
65.00% 270.0°
60 Hz (Fnd):
100.00% 269.1°
120 Hz (h2):
40.27% 268.3°
180 Hz (h3):
0.18% 90.6°
240 Hz (h4):
7.07% 88.5°
300 Hz (h5):
1.10% 100.0°
360 Hz (h6):
0.18% 90.0°
420 Hz (h7):
2.61% 81.0°
480 Hz (h8):
2.17% 82.1°
540 Hz (h9):
0.17% 89.8°
600 Hz (h10):
0.10% -65.0°
660 Hz (h11):
0.55% 72.9°
720 Hz (h12):
0.17% 90.2°
780 Hz (h13):
0.50% 248.7°
840 Hz (h14):
0.28% 248.9°
900 Hz (h15):
0.17% 90.4°
960 Hz (h16):
0.13% 125.1°

Fig. 46. FFT analysis for a three phase core type 230 KV transformers (V) under GIC
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Fig. 47. FFT analysis for a single phase shell type 230 KV transformers (V) under GIC
Table 6: 230 KV transformers voltage harmonics content
Single Phase Shell Transformer
Freq.
Mag % Phase°
0 Hz (DC):
1.11% 90.0°
60 Hz (Fnd):
100.00% -2.6°
120 Hz (h2):
6.34% 159.2°
180 Hz (h3):
0.59% 78.7°
240 Hz (h4):
5.25% -15.1°
300 Hz (h5):
4.74% -17.9°
360 Hz (h6):
0.55% 69.1°
420 Hz (h7):
3.74% 141.1°
480 Hz (h8):
3.22% 137.7°
540 Hz (h9):
0.50% 64.4°
600 Hz (h10):
2.12% -24.0°
660 Hz (h11):
1.74% -22.7°
720 Hz (h12):
0.46% 58.8°
780 Hz (h13):
1.23% 119.6°
840 Hz (h14):
0.98% 115.1°
900 Hz (h15):
0.43% 56.9°
960 Hz (h16):
0.61% 10.2°

Three Phase Core Transformer
Freq.
Mag % Phase°
0 Hz (DC):
0.60% 90.0°
60 Hz (Fnd):
100.00% -2.6°
120 Hz (h2):
6.17% 159.5°
180 Hz (h3):
0.51% 79.2°
240 Hz (h4):
4.80% -16.1°
300 Hz (h5):
4.08% -18.6°
360 Hz (h6):
0.48% 69.3°
420 Hz (h7):
2.75% 138.9°
480 Hz (h8):
2.09% 133.9°
540 Hz (h9):
0.44% 65.2°
600 Hz (h10):
0.91% -7.7°
660 Hz (h11):
0.59% 12.3°
720 Hz (h12):
0.40% 60.0°
780 Hz (h13):
0.29% 34.4°
840 Hz (h14):
0.37% 1.9°
900 Hz (h15):
0.38% 56.2°
960 Hz (h16):
0.78% 94.3°
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Fig. 48. FFT analysis for a single phase shell type 230 KV transformers (Iex) under GIC

Fig. 49. FFT analysis for a single phase shell type 230 KV transformers (Iex) under GIC

70

Table 7: 230 KV transformers excitation current harmonics content
Single Phase Shell Transformer
Three Phase Core Transformer
Freq.
Mag % Phase°
Freq.
Mag % Phase°
0 Hz (DC):
61.36% 270.0°
0 Hz (DC):
97.65% 270.0°
60 Hz (Fnd):
100.00% 267.9°
60 Hz (Fnd):
100.00% 266.9°
120 Hz (h2):
47.96% 265.9°
120 Hz (h2):
3.27% 64.6°
180 Hz (h3):
0.12% 92.5°
180 Hz (h3):
15.59% 83.3°
240 Hz (h4):
21.40% 82.0°
240 Hz (h4):
1.12% 250.3°
300 Hz (h5):
15.97% 80.2°
300 Hz (h5):
0.79% 238.1°
360 Hz (h6):
0.19% 88.1°
360 Hz (h6):
0.14%
1.5°
420 Hz (h7):
8.96% 256.4°
420 Hz (h7):
0.45% 57.4°
480 Hz (h8):
6.90% 254.8°
480 Hz (h8):
0.31% 73.2°
540 Hz (h9):
0.14% 92.9°
540 Hz (h9):
1.17% 245.0°
600 Hz (h10):
4.31% 73.0°
600 Hz (h10):
0.12% 166.6°
660 Hz (h11):
3.34% 72.2°
660 Hz (h11):
0.04% 13.4°
720 Hz (h12):
0.17% 88.8°
720 Hz (h12):
0.96% 65.2°
780 Hz (h13):
1.64% 247.9°
780 Hz (h13):
0.06% 51.2°
840 Hz (h14):
1.16% 247.0°
840 Hz (h14):
0.10% 129.0°
900 Hz (h15):
0.15% 90.7°
900 Hz (h15):
0.35% 235.5°
960 Hz (h16):
0.79% 76.0°
960 Hz (h16):
0.10% 85.9°
G. Conclusion
This chapter investigates the adverse effect of GIC on the power transformers.
The experiments are carried out via MATLAB/SIMULINK and the testing considered
three primary high voltage levels, such as 765 kv, 500kv and 230kv to verify the most
GIC susceptible transformers based on voltage levels. Shell and core types were also
considered to screen the effect of the transformer core type on the excitation current and
the reactive power demand during GIC. Finally, this chapter analyzes the harmonics
content in the system voltage and excitation current under GIC for the listed voltage
levels and core types. Thus, it can be concluded that the (–ve) sequence harmonics
generated by the GIC have the largest magnitude compared to other harmonics order and
this explains the GICs adverse impact on the delta side of a transformer.
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CHAPTER 5
GIC SUPPRESSION USING VARIABLE GROUNDING RESISTANCE
A. Introduction
Transformers’ neutrals can be floating in the ungrounded system, solidly
grounded, reactive grounded, low resistance grounded, and high resistance grounded
system. The HV Transmission Networks are conventionally grounded three phase
systems. However, the debate goes on whether to use a high Resistance grounding (HRG)
or low resistance grounding (LRG). Normally, design engineers refrain from using any
kind of resistor above the value of few ohms on the neutral of high voltage transmission
transformer. The IEEE Standards C62.92.1-5 “Guide for the application of neutral
grounding in electrical utility systems” addresses applications for transmission networks
as well as distribution and generation systems. Considering the HV transmission power
grid, the general practice in the U.S. has been solid or effective grounding (LRG) of the
transmission networks. And two key advantages of effective grounding or solidly
grounding of the high voltage transformers are: 1) The resilience in controlling
overvoltage and surge protection, and 2) Improving the sensitivity (Fault detection),
operating time, and selectivity of ground fault relaying. However, utilizing effective/solid
grounding increases the vulnerability of the power systems’ to GIC [41]. HRG can
suppress the GIC flow and minimize the fault current [41]. Nonetheless, it makes fault
undetectable to protection relays. Furthermore, it can contribute to a severe fault if
network grounds aren’t on the same level [41]. This means the application of neutral
resistors (HRG) for the purpose of reducing GIC will alter the design configuration. So,
to avoid the complication and drawbacks of all the preceding, wise trade-offs is expected.
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In this chapter, a novel GIC suppression method is proposed. The proposed
equipment consists of a variable resistance placed at the neutral of the transformer. The
variability of the resistance permits controllability over a wide range of current. Due to
the long duration and the continuous fluctuation of the GIC magnitude, it is expected that
the resistance can adjust itself to the current severity and be kept as low as possible so it
does not hinder the system normal operation. Also, it should be able to present higher
resistances against unsymmetrical fault currents.
The variability of a resistance is achieved by three main techniques; 1) Varying
the effective resistance using a proportional-integral (PI) controlled bypassing switch, 2)
Varying the effective resistance using a look-up-table (LUT) controlled bypassing switch,
and 3) A mechanical varistor using a fuzzy logic controller. The next section explains
elaborately the details of the proposed techniques to introduce the GIC blocking resistor
at the neutral of the transformer.
B. Description of proposed methods
1. Controlled Ground Resistance Topology
The proposed method as shown in Fig. 50 measures the current through solidly
grounded neutral (during normal operation) and detects any alteration in the system
operation. The measured value is regulated via PI controller in order to set the duty cycle
value for the insulated-gate bipolar transistor (IGBT) pulse generator. Based on trial and
error in order to obtain the best performance of the controlled resistor under all cases of
faults and GIC, the values of the PI controller parameters, i.e., Kp and Ki values are set to
1 and 0.5, respectively.

73

The duty cycle varies between 0 and 1 depending on the GIC/fault current
magnitude. Thus, the average power dissipated in the resistor will vary depending on the
severity of the fault/GIC currents. In this way, the neutral resistance will not interfere
with normal operation of the system. But it will come into action during GMD events and
protect the system from ground fault currents as well. The duty cycle generated by the
controller adds the resistor intermittently by switching the IGBT, so the normal operation
of the transformer is not hindered.

HV/EHV

P =1
I=0.5

Imes
××

IN
IGBT
Switch

IGIC
HRG

1

Pulses

+-

PI
1
0

Fig. 50. PI controlled GIC blocking variable resistance scheme
2. Look-Up Table (LUT) Controlled Ground Resistance Topology
The proposed method as shown in Fig. 51 measures the current through solidly
grounded neutral during normal operation and detects any alteration in the system
operation.
In this work, an LUT based controller is implemented where the IGBT switch
duty cycle value is set based on the corresponding measured neutral current as seen in
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Fig.3. The LUT reduces the implementation and computational complexity of the
controller if compared to the PID or the Fuzzy Logic controllers, thus reducing the time
response [64]. The input and the output values are gathered by mapping multiple discrete
inputs and outputs of the PI controller in Fig. 50. Thus, the PI performance is
approximated at low cost [65]. The Kp and Ki values of the PI controller were set based
on trial and error to find the best performance for the controlled resistor.
The duty cycle varies between 0 and 1 depending on the GIC or faults current
magnitude. Thus the average power dissipated in the resistor will vary depending on the
severity of the fault/GIC currents. In this way, the neutral resistance will not interfere
with normal operation into the system.

HV/EHV

Imes
IN
IGBT
Switch

IGIC
HRG

1

LookUp
Table

Pulses
0

Fig. 51. Look-up table (LUT) controlled GIC blocking variable resistance scheme
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3. Fuzzy Logic Controlled Varistor
The proposed method is shown in Fig. 52, where the current measurement device
determines the current flowing through the neutral. Under normal operations, the neutral
will be solidly grounded. During the GIC and SLG, the measured current value is
processed through a fuzzy logic controller in order to set the resistance value of the
variable resistor. The value of the resistor will vary depending on the GIC/fault current
magnitude. Thus the average power dissipated in the resistor will vary depending on the
severity of the fault/GIC currents. In this way, the neutral resistance will not interfere
with normal operation of the system.

HV/EHV

Imes
1
FLC

0

Command
Resitance

Fig. 52. Fuzzy logic controlled GIC blocking variable resistance scheme
The design of the proposed fuzzy logic controller (FLC) is described in the
following:
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3.1 Fuzzification
For the design of the proposed fuzzy logic controller, magnitude of the current
flowing via the neutral of the transformer (In), and the variable resistor command value
are selected as the input and output, respectively. Triangular membership functions for In
are shown in Fig. 53, in which the linguistic variables Z, PS, PM, PL and PEL stand for
Zero, Positive Small, Positive Medium, Positive Large and Positive Extra Large,
respectively. The membership functions have been determined by trial and error approach
in order to obtain the best system performance. The equation of the triangular
membership function used to determine the grade of membership values is as follows:

μAi (In)=1/b(b-2|𝐼𝑛 − α|)

(14)

Where, μAi(In) is the value of grade of membership, b is the width, α is the
coordinate of the point at which the grade of membership is 1, and 𝐼𝑛 is the value of the
input variable (Neutral Current).

Fig. 53. Membership functions for Neutral Current.
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3.2 Fuzzy Rule Base
The main feature of the proposed fuzzy controller is its very simple design having
only one input variable and one output variable. The use of single input and single output
variable makes the fuzzy controller is straightforward [66]. The control rules of the
proposed controller are determined from the viewpoint of practical system operation and
by trial and error and are shown in Table 8.
Table 8: Fuzzy rule table
In (A)
Z
PS
PM
PL
PEL

Resistance Value (Ω)
0
100
250
350
730

3.3 Fuzzy Inference
For the inference mechanism of the proposed fuzzy logic controller, Mamdani's
method [67] has been utilized. According to Mamdani, the degree of conformity, Ui of
each fuzzy rule is as follows:
Ui= μAi (In)

(15)

Where μAi(In) is the value of the grade of membership and i is rule number.
3.4 Defuzzification
The Center-of-Area method is the most well-known and rather simple
defuzzification method [67] which is implemented to determine the crisp output value
(i.e. the resistance value) as defined in the fuzzy rule table. This is given by the following
expression:
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∑ 𝑈𝑖 𝑋𝑖

R=

∑ 𝑈𝑖

(16)

Where, 𝑋𝑖 is the value of R expressed in terms of linguistic variables in the fuzzy
rule table.
C. Tested system
In this chapter, the GIC effect on transmission lines is modeled by series dc
voltage sources as seen in Fig. 54. Further details on modeling and computing the GIC is
given in [58]. In Fig. 54, the three-phase system model consists of a 2000 MVA
synchronous generator connected to an infinite bus via two step-up (11/765 KV) and
step-down (765/20 KV) delta/wye transformers, and a double run transmission lines. The
GIC voltage source is placed at the high side of the generators transformer. The injected
DC voltage is assumed to be 3000v based on the electric field of 6v/km and the lines
length of 500 km. The fault is placed at the point F1 and the circuit breakers (C.B.)
shown will open to clear the fault according to grid standards. To add more practicality to
the model, transformers’ saturation was implemented and designed using the
MATLAB/SIMULINK saturation and hysteresis tools.
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ACSR 2515 kcmil
6 Conductors /Bundles
Aprox. Ampacity =1700 A

GIC Induced Voltage
6v/km*500=3000 v
P= 1.0
V= 1.0

500 km
0.0088+j0.2399 pu

PCC
11/765 KV

765/20 KV

SG
0.002+ j0.3 pu

C.B

C.B

0.002+ j0.3 pu

500 km
0.0088+j0.2399 pu

60 Hz 2000 MVA Base

F1

Fig. 54. Modeling of the power system and GIC electric field.
Fig. 55 demonstrates the equivalent DC circuit for the GIC flow. The GIC in the
electric transmission system depends on the induced dc voltage in the transmission lines
and the resistance of the system components. Since the GIC is fundamentally a dc,
systems reactance has no contribution to the GIC magnitude. So, basically, only resistive
system components determine the GIC including the resistance of the transmission lines,
the resistance of the coils of grounded transformers, the resistance of the series windings,
and the substation grounding resistance. It is to note here that, for the GIC analysis, the
per-unit principle plays no role. Thus, all resistance, currents, voltages must be given in
ohm, ampere, and volt, respectively.
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GIC
SOURCE

3000 V
0.585/3 Ω

Transmission
Lines Eq.
Resistance

2.571/6 Ω

0.585/3 Ω

Neutral
Resistance

730 Ω

730 Ω

Neutral
Resistance

T1,T2 Req

Fig. 55. Power system equivalent DC circuit under GIC flow
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D. Selection of the grounding resistance
The sizing criteria must consider the neutral current magnitude and the voltage
built up across the resistance. By analyzing the circuit in Fig. 55, the GIC current is
computed to size the grounding resistor. Moreover, the neutral voltage and power rating
of the resistor are calculated for different values of grounding resistance varying from 10
to 1000 ohms. These calculations are performed over different GMD intensity (1-7) v/km
as well as SLG fault case, as shown in Fig. 56-Fig. 58.
Fig. 56 shows the neutral current magnitude for the previously mentioned cases.
Fig. 57 shows the neutral voltage. Fig. 58 shows the expected grounding resistors’ power
rating for the corresponding voltage and current. Moreover, minimizing the value of
resistance to avoid the high voltages accumulating at the neutral increases the power
ratings significantly. Yet it does not limit the voltage level below the KV level.
In the case of PI controller and LUT controller, the effective resistance is varied
by the duty cycle which is neutral current dependent and regulated by the PI/LUT
controller. The continuous voltage rating of the resistor can be exceeded when a voltage
is applied to less than 100% of the time.
Based on the aforementioned and Fig. 56-Fig. 58, although a 75 Ω neutral
resistance would be sufficient to suppress the GICs down to 25 A in the worst case
scenario (geomagnetic field = 7v/km), but the value of the neutral resistance is set to 730
Ω, so that it can maintain fault currents ≤ 600 A as well, reduce the power ratings of the
resistor and assure the transformers protection against ground faults.
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Fig. 56 Selecting the resistance value: Neutral current vs. Resistance value

Fig. 57. Selecting the resistance value: Neutral Voltage vs. Resistance value
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Fig. 58. Selecting the resistance value: Power Rating vs. Resistance value.
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E. Conventional fixed-capacitor method
So far, power systems adopt the fixed capacitor placed at the neutral in order to
block the GIC [33], as shown in Fig. 59. However, this could make the capacitor overly
large and costly. Therefore, it is advisable to use some means of discharging the capacitor
during a high inrush current or when a fault current occurs [36]. The value of 3.6 µF is
set to the capacitor used here, which is equal to the selected controlled resistance of 730
Ω at 60 Hz, under GIC and all fault cases.

HV/EHV

Neutral
Capacitors

Spark
Gap MOV

Discharge
Circuit
Fig. 59. Conventional Fixed-Capacitor Method to Block GIC
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F. Simulation results and discussion
In this work, simulations were carried out using the MATLAB/SIMULINK
software. This section has four subsections, each considers a specific event of testing;
GMD event, unsymmetrical faults, GMD and an unsymmetrical fault during a GIC event.
In part (1), system stability during GMD is tested using the look-up-table (LUT)
technique, the simulation is performed for 9s, at the time of 0.5s the GIC current is
injected for 1s period.
In part (2), system stability during unsymmetrical faults using fuzzy logic
controlled (FLC) varistor technique is tested. The simulation time is 9s too. A single-lineto-ground SLG (2.1), double-line-to-ground 2LG (2.2) and line-to-line 2LS (2.3) faults
are initiated at point F1 at 0.3s in the three cases. In all fault cases, the circuit breakers
open at 0.4s, and then reclose after 60 cycles (1.4s).
In part (3), system stability considering SLG fault during a GMD is tested using
the PI controlled grounding resistor technique. The GIC pulse is extended to 3 seconds
starting at 1s and ending at 4s. The fault is initiated at 2.1s, the circuit breakers open at
2.2s, the fault is cleared at 2.6s and the circuit breakers reclose at 3.2s.
Part (4), presents a comparison among the three techniques mentioned in this
chapter. The comparison is based on the neutral parameters; voltage and current.
The system performance during all cases is measured in terms of active and
reactive power, line voltage, line current, neutral current, and voltage. In addition, the
effect on synchronous generator parameters, such as voltage, rotor speed and power are
recorded. The effectiveness of the proposed method is validated by comparing its
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performance with the case of solidly grounded system and capacitor grounded system
(3.6 µF).
1. System stability during GMD event
The outcomes of the simulations during the GIC event are shown in Fig. 60 to
Fig. 68. The system in Fig. 54 is tested under three cases, such as solidly grounded
system (blue), fixed capacitor grounding (black) and grounding using LUT controlled
grounding resistor (red). In the case of solidly grounding system, the GIC flowing
through neutral of transformer exceeds 2500 A, and the reactive power loss is about 0.1
pu. It is obvious that both fixed capacitor and controlled resistor can effectively suppress
the GIC. Their results are comparable in stabilizing the system and the synchronous
generator (SG) during GIC event.

Fig. 60. Active power during GMD event using LUT controlled grounding resistor
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Fig. 61. Reactive power during GMD event using LUT controlled grounding resistor

Fig. 62. Neutral current during GMD event using LUT controlled grounding resistor
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Fig. 63.Neutral voltage during GMD event using LUT controlled grounding resistor

Fig. 64 line current during GMD event using LUT controlled grounding resistor
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Fig. 65. Line voltage during GMD event using LUT controlled grounding resistor

Fig. 66. SG Active power during GMD event using LUT controlled grounding resistor
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Fig. 67. SG Stator voltage during GMD event using LUT controlled grounding resistor

Fig. 68. SG rotor speed during GMD event using LUT controlled grounding resistor
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2. Transient stability under unsymmetrical faults
2.1 Single-Line-To-Ground fault (SLG)
As discussed in the previous subsection, the grounding capacitance performance
is as good as the controlled grounding resistance and meets the system requirements and
succeeds to reduce the DC current (GIC). However, many drawbacks of using the neutral
capacitance during faults appear in Fig. 69 to Fig. 77.
The active power flow in the system under the SLG drops down to 0.2 pu when
the transformers are solidly grounded. A significant improvement is observed after
inserting the controlled resistor; the drop in power is limited to 0.6 pu as seen in Fig. 75.
The capacitor can also reduce the drop in power, but adds huge overshoots in active
power, reactive power, and voltage as seen in Fig. 69, Fig. 70, and Fig. 72, respectively.
The SLG fault current flowing through the neutral as shown in Fig. 71 reaches
3000 A when the system is solidly grounded. The fixed capacitor limits the neutral fault
current down to about 633.6 A, while the controlled resistor can suppress the current
flowing through the neutral down to 550 A. The difference is not huge, however,
considering the capacitor’s unpredicted spikes and decaying, discharge current makes it
less favorable solution without a discharge circuit.
When the proposed solution is employed, it seems that the SG is well damped in
terms of voltage and power (Fig. 75 and Fig. 76). Both overshoot and the settling time are
reduced if compared to solidly grounded system and capacitor grounding. For instance,
the SG voltage using capacitor varies between (0.78-1.24) pu, while the variations using
the controlled resistor is bounded by (0.93-1.17) pu. Eventually, the overall performance
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of the controlled resistor is much more effective than the fixed capacitor under SLG
faults.

Fig. 69. Active power during a SLG fault using FLC grounding resistor

Fig. 70. Reactive power during a SLG fault using FLC grounding resistor
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Fig. 71. Neutral current during a SLG fault using FLC grounding resistor

Fig. 72. Line voltage during a SLG fault using FLC grounding resistor
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Fig. 73. Neutral voltage during a SLG fault using FLC grounding resistor

Fig. 74. Line current during a SLG fault using FLC grounding resistor
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Fig. 75. SG Active power during a SLG fault using FLC grounding resistor

Fig. 76. SG voltage during a SLG fault using FLC grounding resistor
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Fig. 77. SG rotor speed during a SLG fault using FLC grounding resistor
2.2 Double-Line-to-ground fault (2LG)
Fig. 78 to Fig. 86 show the system performance under 2LG fault. Although
neither the controlled grounding resistor nor the grounding capacitor is capable of
perfectly stabilizing the system’s parameters under 2LG fault, but the fuzzy logic
controlled grounding resistor performance is better than the fixed capacitor in limiting
fluctuations.
The improvement in the system and the generator’s parameter stability is evident
from the FLC based grounding resistor. The grounding resistor is surpassing the
grounding capacitor performance in suppressing neutral current and voltage, active and
reactive power, and SG voltage and power. Both grounding capacitor and resistor
performances are quite similar in terms of line voltage and line current.
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Fig. 78. Active power during a 2LG fault using FLC grounding resistor

Fig. 79. Reactive power during a 2LG fault using FLC grounding resistor
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Fig. 80. Neutral current during a 2LG fault using FLC grounding resistor

Fig. 81. Neutral voltage during a 2LG fault using FLC grounding resistor
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Fig. 82. Line current during a 2LG fault using FLC grounding resistor

Fig. 83. Line voltage during a 2LG fault using FLC grounding resistor
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Fig. 84. SG Active power during a 2LG fault using FLC grounding resistor

Fig. 85. SG voltage during a 2LG fault using FLC grounding resistor
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Fig. 86. SG rotor speed during a 2LG fault using FLC grounding resistor
2.3 Line-to-Line fault (2LS)
Under all cases, the proposed controlled resistance is providing better overall
control of the system if compared to the fixed capacitor or the solidly grounded case (Fig.
87 to Fig. 95). However, it must be pointed out that, in line-to-line faults, there are no
fault currents flowing in the neutral of grounded circuits. The current flowing throw the
neutral under 2LS fault is only the zero sequence current. And as seen in Fig. 89, under
the solidly grounded case, the zero sequence current does not exceed 17 A. However, in
the case of the capacitors, the neutral current reaches 80 A, which indicates how
dangerous it is to install a capacitor at the neutral of the transformer without a discharge
circuit. When the variable resistance is used, the value of the zero sequence current is
suppressed to 3 A.
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Fig. 87. Active power during a 2LS fault using FLC grounding resistor

Fig. 88. Reactive power during a 2LS fault using FLC grounding resistor
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Fig. 89. Neutral current during a 2LS fault using FLC grounding resistor

Fig. 90. Neutral voltage during a 2LS fault using FLC grounding resistor
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Fig. 91. Line current during a 2LS fault using FLC grounding resistor

Fig. 92. Line voltage during a 2LS fault using FLC grounding resistor
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Fig. 93. SG Active power during a 2LS fault using FLC grounding resistor

Fig. 94. SG voltage during a 2LS fault using FLC grounding resistor
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Fig. 95. SG rotor speed during a 2LS fault using FLC grounding resistor
3. Unsymmetrical faults during GMD event
It is noteworthy that this work studied the behavior of the controlled neutral
resistor under the possible case where a fault occurs during the GIC flow. This controller
is based on one input which is the magnitude of the neutral current. Thus, as expected,
the controller would generate the duty cycle required to limit the severest current
component, i.e., fault current. The neutral current response is shown in Fig. 97., where
the lightly shaded area represents the period when GIC flows into the system and the dark
shaded area represents the fault current flow period. As seen from Fig. 97 and Fig. 97, the
duty cycle of the controller varies by the magnitude of the current flowing via neutral.
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Fig. 96. Neutral current considering SLG fault during GIC using PI controlled resistor

Fig. 97. Duty cycle of the PI controller considering SLG fault during GIC
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4. Comparison of the proposed techniques’ performance
The proposed method in this work is a variable resistor placed at the neutral of the
transformer. The PI controller reads the neutral current magnitude and regulates the duty
cycle of the bypassing switch accordingly. The duty cycle, in turn, controls the insertion
time of the resistor over the operating period. Thus, controlling the effective resistance
was added to the circuit. The behavior of the PI controller was selected as a base to
design the LUT controller. On the other hand, the FLC controlled grounding resistor is a
mechanically variable resistor that varies at preset values. The controller parameters were
based on the preferred values generated by the PI controller.
Based on the above discussion, all the controllers’ parameters are based on the PI
outcomes, so it is expected that the controllers have a very similar response.
For the sake of comparison, Fig. 98 to Fig. 101 show the neutral voltage and the
neutral current response during GIC and SLG fault. The PI controller performance is
slightly better than that of the FLC and the LUT. This does not necessarily mean that the
PI controller will show better responses in all different parameters settings. This is
ascribed to the fact that the LUT and the FLC update the controller output at discrete
values while the PI controller is continuously measuring and calculating the output. This
can be avoided if more LUT data is used and more FLC membership functions are added.
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Fig. 98. Neutral current response of the proposed control techniques during GMD

Fig. 99. Neutral voltage response of the proposed control techniques during GMD
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Fig. 100. Neutral current response of the proposed control techniques during SLG

Fig. 101. Neutral voltage response of the proposed control techniques during SLG
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G. Practicality of this work
The proposed GIC supressing method in this chapter consists of a huge resistor
and in order to vary the resistance an IGBT switch is used in the case of the PI and the
LUT controller or a motorized selector switch in the FLC variation.
It should be noted that, in real life GMD events, the current transformers (CTs)
also saturate, so they may not give a valid measurement. Hence, a DC current
measurement must be used in addition to the CT to enhance the reliability of the
controlled grounding resistor.
The sizing of the neutral resistor was selected based on the fault current
magnitude not the GIC for this specific system. Practically a much lower resistance value
is required, since the fault current has multiple paths, and usually power networks contain
many transformers and substations. Therefore, implementation of the proposed controlled
resistor might be feasible both technically and economically. The reason behind the
testing power system is that, the rest of the network was isolated to constrain the path of
the fault/GIC current to the one shown in Fig. 54. So, the effectiveness of the proposed
means is emphasized.
Furthermore, the GIC was simulated as a DC pulse injected in line for the
duration of 1 sec. In reality, the GIC lasts for hours and its peaks’ durations could exceed
several minutes. In this work, long term effects of GIC won’t be necessary, also only a
few seconds is sufficient to validate the proposed work.
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H. Conclusion
In this work, a new approach by using a controlled grounding resistance is
proposed to suppress the GIC flowing through the neutral of transformers. The
controllability is performed using three different techniques; 1) Parallel switch that is
controlled by a PI regulated duty cycle, 2) Parallel switch that is controlled by a look-uptable (LUT) regulated duty cycle, 3) Fuzzy logic controller (FLC) motorized selector
switch. Moreover, the proposed methods are designed to suppress the zero sequence
current associated with the unsymmetrical faults.
The performance of the proposed techniques is compared with that of the
conventional fixed-capacitor method under the cases of:
1. GIC event.
2. Unsymmetrical faults such as SLG, 2LG and 2LS faults.
3. SLG fault during GIC flow.
From the simulation results, the following points are noteworthy.
1. The proposed method is able to stabilize the system under GIC events. Also, it
reduces the effect of unsymmetrical faults and blocks the zero sequence current
flowing through the neutral of the transformer.
2. The performance of the proposed method is better than that of the conventional
capacitor method.
3.

The neutral fixed-capacitor charges quickly during faults and causes overvoltage;
thus, it requires a discharging circuit. In contrast, the new GIC blocking approach
reduces the cost and complexity of using capacitors with spark gaps and MOVs.
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CHAPTER 6
GIC BLOCKING VIA SERIES VARIABLE REACTANCE
A. Introduction
Typically, generators are placed on the delta side of a step up transformer. It is
known that the delta traps the zero sequence triplen harmonics (3rd, 9th, and 15th…), and
because of that, the major misconception is that generators and all parts of the power
system are isolated from the GIC flowing and from the harmonics. However, as discussed
in chapter 4, the GIC flowing in the neutral of the transformer generates unusual even and
odd harmonics. The negative sequence (–ve) harmonics have higher magnitude in the
system as compared to the positive sequence (+ve) and the zero sequence (0) harmonics.
The negative sequence harmonics presented on the wye side of a transformer
during GIC is replicated on the delta side of the transformer. And hence the negative
sequence currents flow in the same path as the positive sequence currents, and the
harmonics reach the generators stator and are directly induced in the rotor.
Harmonics in the rotor of the transformer causes heating and noise, which leads to
tripping of the transformer due to the 1) over current relay, or 2) the thermal protection. It
is conventional to install negative sequence relays at the transformer rotor to protect the
generator from the negative sequence asymmetry.
It should be noted that a ground connected GIC blocking device on a GSU
(Generator Step Up) transformer would not prevent a generator from tripping on
unbalance or negative sequence protection. The generator might trip during a
geomagnetic disturbance – for instance, the Ontario Hydro hydraulic unit tripped by a
negative sequence overcurrent relay. Also, there have been a number of negative
sequence alarms. The alarm pickup is typically set much lower than the trip unit pickup.
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Some large units will alarm at 3% of rated current to provide a warning that the
unbalance is approaching the continuous rating of the generator.
Usage of ground blocking devices should always be conditional to the results of
system suitability studies (protection impact and failure modes) as well as functional
requirements including those provided in [12]. Additionally, the application of ground
blocking devices must consider their failure as a valid contingency.
This issue opens the door for a new family of GIC blocking devices that can block
GIC, and at the same time prevent all harmonics order from flowing in the system.
Accordingly, an innovative means is required which can overcome the above
disadvantages of the prior art. In this chapter, a variable capacitive/inductive reactance
device is proposed as a new method to enhance the stability and the quality of the power
system.
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B. Proposed method
The proposed variable reactance consists of an inductor and capacitor connected
in series. The inductor and/or the capacitor are segmented to provide the variability of the
impedance. The inductive and the capacitive reactance must be sized equally, so they can
cancel each other and does not alter the system parameters.
The objective of the proposed method is to (i) Block the geomagnetically Induced
current flowing throw the system and the neutrals of power transformers, (ii) Enhance the
fault ride through capability (Capacitive Mode), (iii) Boost grid voltage during faults
(Capacitive Mode), (iv) Minimize fault current (Series inductance), (v) Regulate P.F.
(Capacitive/Inductive Mode), (vi) Regulate voltage (Capacitive/Inductive Mode), and
finally (vii) Minimize line inductive losses (I2XL).
On the other hand, the idea of using a series variable reactance as a resolution to
block GIC attracts those who are involved in transmission lines as well, because of the
wide use of variable reactance techniques in High Voltage (HV), Extra High Voltage
(EHV) and Ultra High Voltage (UHV) voltage transmission lines [47].
In the prior art, a variable reactance circuit has been proposed employing a
capacitor connected in parallel with an inductance in series with a back-to-back thyristor
switch, i.e. thyristor controlled series capacitor (TCSC). The TCSC is being popular
because it can regulate voltage on long transmission lines smoothly, and consequently
good power quality control [47]. Also, the TCSC can improve transient stability of power
system [48]. However, due to the parallel resonance limits, such variable reactance circuit
has a narrow range or variation and is not preferred for either fault current limiting or the
GIC blocking.
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The main difference of the proposed variable reactance from other devices known
(such as; TCSC) is, 1) the ability of the variable reactance to tackle various power system
known problems such as; limiting electrical faults, blocking geomagnetically induced
current, and enhance transmission lines efficiency/voltage regulation under load
fluctuations; 2) the ability of the variable reactance circuit to stay online under normal
operation without the need to bypass it and this is achieved by operating it at the point of
resonance, also this would eliminate the multiple switching transients.
The variability of the reactance is achieved through four approaches. The
techniques are summarized in Table 9. However, the variability of the inductance in real
life is done by the linear or rotary actuators. So, in order to vary the inductance, the series
inductance is added or subtracted. However, in order to vary the capacitance in real life,
capacitors are switched in parallel, not in series. Thus, the need for switches to add the
capacitors poses transients hazards during GIC. Therefore, in this work, the focus is on
the fixed capacitance and variable inductance (FCVI) method.
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Table 9. Possible configurations of the variable reactance

Mechanical tap-changer

1- variable capacitance variable
inductance
MOV

2- fixed capacitance and variable
inductance
MOV

3- fixed inductance and variable
capacitance

Electrical Switching (changing the
effective value)

MOV

Pulses

4- switched capacitance Switched
inductance

MOV
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1. Variable Inductance Fixed Capacitance System
Fig. 102 shows the layout of the variable inductance fixed capacitance (VIFC). A
single input based fuzzy controller is considered to control the variable reactance,
namely, the grid voltage deviation. Based on the input, the fuzzy controller generates the
command inductance value Lcmd. Then the command is sent to a tap changer/actuator
which in turn set the new inductance value, and thus the equivalent reactance is changed.
The time response of the actuator is represented by a delay of 100 msec.

Vmes
MOV

-

+

Vref
1
0
FLC

delay

Lcmd

Fig. 102. Detailed diagram of the considered variable reactance
The controller of variable reactance is to operate the device in the following
modes:
12345-

6-

Under Normal conditions (Idle)
Under GIC
Under Fault
Fault During GIC
Under Load Fluctuation
a) Heavy Load
b) Light Load
Under Maintenance

XC=XL
XC≥XL, XC≤XL, XC=XL
XC> XL, XL≠0
XC> XL, XL≠0
XC> XL
XL> XC
bypassed
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In SIMULINK, the variable reactance is modeled as a controlled voltage source
(Vtot) placed in series with the lines. The value of the voltage source is calculated
according to:

di
dl
i
dt
dt
vr  ir
Vtot  vl  vr
vl  l

vc 

(17)

1
di.dt
c

Where, i is the current through the variable reactance, vl is the voltage across the
inductor, vc is the voltage across the capacitor (fixed), and vr is the voltage across the
series resistor r.
2. Fuzzy Logic Controlled Variable Reactance
The proposed method is shown in Fig. 102, where the voltage measurement
device determines the voltage level. Under normal operations, the added series reactance
will have zero value (XL=XC). In this way, the series reactance will not interfere with
normal operation of the system and continuously block the GIC. During the GIC and
fault, the measured voltage deviation ΔV value is processed through a fuzzy logic
controller in order to set the inductance value of the variable inductor. The value of the
inductor will vary depending on the deviation of the line voltage. Thus, the total
reactance will be negative (capacitive) during voltage sags and the total reactance would
be positive (inductive) in the case of voltage swells. Thus series compensation will vary
with the voltage deviation magnitude.
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The design of the proposed fuzzy logic controller (FLC) is similar to that
presented at section B.3 in chapter 5: 1) Fuzzification, 2) Fuzzy Rule Base, 3) Fuzzy
Inference, and 4) Defuzzification. In the fuzzification step, the voltage deviation is
considered as the variable. Three triangular membership functions are employed to
represent three linguistic variables: Positive Big (PB), Zero (Z), and Negative Big (NB).
The acceptable voltage deviation is set to be ±5% if the deviation exceeds this limit it is
considered as either voltage Sag or voltage Swell. Fig. 103 shows the membership
functions of the input.

Fig. 103. Variable reactance fuzzy controller’s input membership function.
The output variable is the inductance percentage of the total inductance value.
The output membership functions have been determined by trial and error approach in
order to obtain the best system performance as shown in Fig. 104. In the fuzzy base rule
step, the control rules of the proposed controller are determined from the viewpoint of
practical system operation and are shown in Table 10 .
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Table 10: Fuzzy rule table for the variable series reactance controller
ΔV

Range (pu)

Inductance

Range (%)

NB

[-1 0]

H

[30 100]

Z

[-0.05 0.05]

M

[0 30]

PB

[0 1]

L

[0 15]

Fig. 104. Variable reactance fuzzy controller’s output membership function
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C. Tested system
The system in Fig. 105 is considered for the purpose of testing the variable
reactance device. The system consists of a synchronous generator rated (20kv, 1000
MVA), a step-up transformer (20 kv/500 kv), and double circuit 500 km transmission
lines connected to the grid. The GIC voltage source is placed in series in the lines right
after the step-up power transformer, and the GIC blocking device is placed in series with
the GIC.
GIC Induced Voltage
3v/km*100=300 v
1s pulse
P= 0.9
V= 1.0

PCC

V= 1.0

0.04+j0.2 pu

20/500 KV
j0.1 pu

SG
C.B

j0.1 pu

50 Hz 1000 MVA Base

70% Capacitive
Compensation

C.B
0.04+j0.2 pu

F1

Fig. 105. Modeling of the tested power system
In order to model circuit, the following assumptions were made, (1) the power
transformer saturation is enabled, (2) the GIC is simulated as a single pulse with the
length of 1 sec and the value of 6 volts per kilometer, (3) the variable inductance and
fixed capacitance topology of the variable reactance GIC blocking device is employed,
(4) the variable reactance is set to compensate 70% of the system inductance (C=
60.6μF), (5) Surge arrester is installed across the capacitor with Transient overvoltage
(TOV) equals to

500kv
√3

. kv, (6) a delay of 100 ms is added to substitute for the actuator
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time response, (7) the fault is initiated for 30 cycles, the circuit breaker (CB) operates
after 5 cycles of fault and then recloses after 1sec.
D. Simulation results & discussion
Testing of the proposed device is carried out under five different conditions, each
considers a specific event of testing; a) GMD event, b) single line to ground (SLG) fault,
c) line to line (2LS) fault, d) symmetrical fault, i.e., three lines to ground (3LG) fault, and
e) voltage fluctuations associated with load variation. Table 11 summarizes the five
disturbances in the terms of timing and type.
Table 11: Variable reactance testing cases summary
Inf. Bus
Voltage
(pu)

Fault
Type
(F1)

DC
Pulse
(V)

1
2
3
4

300
N/A
N/A
N/A

15.0s

v=1.0

N/A
SLG
2LS
3LG

Circuit
Breaker
(C.B )
Opening
N/A

10.1s

N/A

N/A

5

Sag
v=0.8
Swell
v=1.2

N/A

N/A

Case
GIC
Faults

Load
Var.

16.0s

Circuit
Breaker
(C.B )
Reclosing
N/A

10.2s

10.6s

11.2s

10.1s

N/A

10.15s

N/A

10.15s

N/A

10.2s

N/A

Fault/GIC
Initiation

Fault/GIC
Clearing

Fig. 106 shows the neutral current during the presence of the GIC (case 1). The
blue line represents the system’s performance when it is uncontrolled, while the red
profile represents the employment of the series variable reactance. Since the capacitor is
fixed in the circuit, it is continuously blocking the DC current (GIC). Without the series
reactance, the GIC reaches 52 Amps. The figure also compares the performance with the
neutral fixed capacitor method.
Fig. 107, Fig. 108 and Fig. 109 show the synchronous machine performance under
SLG, 2LS, and 3LG faults, respectively. The load angle, the active power and the voltage
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of the synchronous generator are shown. The variable reactance evidently enhances the
system performance, it substantially reduces the oscillation in load angle and power, and
reduces the voltage sag that accompanies the electrical faults.
Load variation is considered at the grid (Infinite bus). The overloading is
simulated as a voltage drop with the magnitude of 0.2 pu and the light loading is
presented as a voltage increase with the value of 0.2. Both under-voltage and overvoltage are consecutive and lasts for 500 ms. The under and over voltages are reduced to
the acceptable limits 5%.
Fig. 111 shows the controller response in terms of inductance command and how
it conforms to actual inductance measured in (H). The measured inductance lags the
command inductance due to time delay (100 ms) required by the actuator to reposition its
brush arm.

Fig. 106. Transformer’s neutral current during GIC pulse.
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Fault at t=10.1s

Fig. 107. Synchronous generator’s parameters under unsymmetrical SLG fault
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Fig. 108: Synchronous generator’s parameters under 2LS unsymmetrical fault
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Fig. 109. Synchronous generator’s parameters under 3LG symmetrical fault
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Fig. 110. Under-voltage/over-voltage, voltage compensation with the variable reactance

Fig. 111. Command inductance and measured inductance during undervoltage/overvoltage.
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E. Practicality of this work
The variable reactance considered in simulation consists of a series high voltage
capacitor, series mechanically variable inductor, and Metal Oxide Varistor to protect the
capacitor. The inductor is varied by a mechanical actuator that is controlled by voltagebased fuzzy controller. The components above are available in the market, in fact, the
series variable reactance concept is well realized in similar technologies such as Thyristor
controlled series capacitor (TCSC) and Gate controlled series capacitor (GCSC).
That been said, the TCSC and GCSC are designed to handle high voltage and
high current circuits, but they are not designed to handle voltages and currents associated
with faults. Not that it is impossible, but it is economically unfit. The TCSC and GCSC
technologies are employed solely for the line impedance regulation purpose. Thus they
are usually bypassed during faults by fast protective device (FPD).
Our proposition, the series variable reactance, is rated so it can suppress fault
currents and voltages, this might increase the capital cost, but it serves the purpose of
fault current limiter.
As far as implementation of the controller, it is one of the simplest controllers and
can be easily modified to match different systems’ requirements.
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F. Conclusion
In this chapter, the series variable reactance is proposed as a multi-objective
device that is capable of blocking the GIC current, enhance the transient stability of the
system and compensate for the voltage variation associated with the load fluctuations.
This series device differs from all other devices in terms of its capability to remain in the
circuit in normal conditions and continuously block the GIC current and suppress fault
current via series LC resonance setting.
There are four possible topologies proposed to vary the line reactance, however,
fixed capacitor and variable inductance is considered. The variable inductance value is
set by a fuzzy logic controller. The controller perceives its input from the line voltage
deviation and accordingly computes the inductance.
From the simulation and experiments, it is found that the device can effectively
suppress the GIC current. It also can reduce the oscillation in the load angle caused by
unsymmetrical faults and reduce the voltage sags that accompanies the electrical faults.
Moreover, the device can enhance the power quality by minimizing the impact of
load fluctuation on the line voltage.
In the future, further experimentation will be performed in order to provide a
seamless output and to validate the viability of the device during different unstable
conditions.
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CHAPTER 7
GIC BLOCKING DEVICE PLACEMENT AND GIC IMPACT ON
DISTRIBUTED GENERATORS
A. Introduction
Distribution systems are expanding continuously and the integration of the
renewable generators is growing as well. This chapter considers the distribution power
networks for GIC testing. Moreover, the effect of GIC on distributed generators, i.e. PV
systems and wind generator systems is studied.
So far, no investigation of the GIC effects on distribution systems is documented,
and this is due to the lack of GIC incidents recorded at the medium voltage power lines
level. Also, this is might be due to the fact that the GIC flows in long transmission lines
where the resistance is lower than that of the distribution lines. However, this will not be
the case in the future, as we know that the integration of renewable generators to the
distribution networks is growing continuously. Also, due to the limited space in the
residential areas, it is impossible to install PV and wind farms in the middle of the
distribution systems, thus, it is inevitable that the distribution systems will expand to
include sub-transmission networks. Accordingly, it is necessary to be prepared and to
investigate the effects and the possible mitigations of the GIC in distribution networks.
Once the GIC flow evaluation is complete, the next step is to install blocking
devices (BDs) on the most vulnerable transformers that are also most critical to the
stability of the power system, for instance, transformers that consume higher reactive
power during a GMD event. However, blocking devices cannot be placed arbitrarily. If it
is not placed optimally, then it might fail to guarantee normal operation of the power
systems subsequent to a GMD event. Also, blocking devices are costly and a set of
devices should be wisely placed into the system working organized without interfering
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with each other, otherwise the voltage instability situation will be exacerbated. Also, the
placement optimization must satisfy its purpose for all possible GMD directions. Thus,
due to the previous reasons, the BD placement problem should be formulated as an
optimization problem considering power system operational constraints: such as
generator maximum reactive power and power voltage limits. To this end, this chapter
presents an optimization approach for the placement of the grounding resistor discussed
in chapter V on power system transformers to mitigate the adverse effects of GMD. The
optimization method proposed here, unlike the method proposed in [9], is deterministic,
which means it will always give the same solution to the problem and includes all the
possible cases of a GMD storm. The numerical results demonstrate the effectiveness of
the proposed method in maintaining an acceptable voltage profile for the power system in
case of GMDs with any degree of severity.

B. Tested system
The tested system as shown in
Fig. 112 represent a 25kv hypothetical distribution network. The network has 8
buses, 2 high voltage buses (120 kv), 2 low voltage buses (<1 kv), and 4 medium voltage
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buses (25kv). The network main power supply is coming from a 120 kv sub-transmission
substations. The 25 kv distribution lines are also supplied by a 10 MW permanent magnet
synchronous generator (PMSG) based wind farm and 3.2 MW photovoltaic (PV) solar
farms. The load is divided into three lumped 2 MW residential loads and 30 MW,
2MVAR commercial loads. All the loads are connected to the 25 kv network. The lengths
of the distribution lines are assumed to be either 30 km or 10 km lines horizontal and
vertical lines for the ease of calculation. The curvature of the earth is neglected. The
system is modeled to have 11 neutral points, all paths are assumed viable paths for the
GIC flow, and hence all the points are considered for BD installation.
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10*VV/km

10 km

Sub-transmission
Network
V=1.02 pu

25 kv/120 kv

+

PMSG
10 MW

30 km

30*VV/km

30 km

+

30*VH/km

25 kv/ 575 v

Wind Farm

+

Industrial
Load
30 MW,
2 MVAR
~ 120 KV
~ 25 KV
~< 1 KV

+

Residential
Load-A
2 MW,
0.1 MVAR

Residential
Load-B
2 MW,
0.1 MVAR

Fig. 112. Distribution system under study (25 kv)
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VV/km

+

VH/km

Km
V/

10 km

10*VH/km

GIC Source Vertical

30*VH/km
310 v/ 25 kv

GIC Source Horizontal
ield
ic F
ctr
Ele

PV Plant
3.2 MW

30*VV/km

30 km

Residential
Load-C
2 MW,
0.1 MVAR

C. Grid-connected PV system under study

PV System
PV
Arrays

MPPT

Control
0.310/ 25 KV

DC
DC
DC
AC
Chopper Inverter
Choke

Fig. 113. Schematic of grid-connected PV system
Fig. 113 shows the single line diagram of the power system under study. The PV
plant is connected through a DC/DC converter and a DC/AC inverter to the grid. The
DC/DC converter is controlled by the incremental conductance Maximum Point Power
Tracking (MPPT) technique and boosts the PV voltage to 600V across the DC link. The
DC/AC converter inverts the voltage from DC to AC and synchronizes it with the grid
frequency (60 Hz). A 0.310kV/ 25kV wye-wye transformer is employed to step up the
inverter’s voltage to the grid voltage.
1. Modeling of PV Cells and Arrays
The PV cells in this work are implemented as per [68], and according to the
following mathematical representation.
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Where I is the PV cell current, IPV is the photon generated current, I0 is cell
reverse saturation current, V is the terminal voltage of the cell and Vt is the thermal
voltage of the cell.

I PV  ( I PV ,n  K I T )

G
Gn

(19)

IPV,n is the photons generated current of the module at nominal temperature and
irradiation, ΔT is the difference between the actual and nominal temperature, G and Gn
are actual and nominal irradiation, respectively.

I0 

I SC ,n  K I T
e(q(VOC ,n  K V T ) / Vt Qd )  1

(20)

ISC,n, and VOC,n, are the short circuit cell current and the open circuit voltage,
respectively. KV & KI are the open-circuit voltage and short-circuit current temperature
coefficient, respectively. q is the electron charge (1.6 × 10−19 C), Qd is the quality factor
of the diode (ideality factor), k is Boltzmann constant 1.38 × 10-23 J.K-1, and T is the
absolute temperature of the cell (K). Table 12: Parameters of 3.2 MW PV Plant shows
the PV Array and module parameters used in this work [69].
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Table 12: Parameters of 3.2 MW PV Plant
Module Parameters
Plant Parameters
Voc
85.3 V
Pmax

3.2 MW

Isc

6.09 A

Vmax (Array)

250 V

Vmp

72.9 V

Cells / Module

96

Imp

5.69 A

Modules / String

70

Rs

0.5371 Ω

Parallel Strings

880

Rp

419.78 Ω

Isat

0.0117µA

Ipv

5.9602A

Qd

1.3

2. Controlling of DC/DC Converter
Due to poor efficiency of PV systems, MPPT techniques are proposed to obtain
the maximum power of the PV using the DC/DC converter. There are various MPPT
techniques available; an overview over these techniques is reported in [70]. In this work,
the incremental conductance (IC) MPPT algorithm is considered [71]. The IC technique
is commonly used for maximum power tracking in PV applications due to its fast and
stable operation [70]. In this technique, a simple MPPT controller can be designed to
compare the instantaneous and the incremental conductance to calculate the error (e), and
accordingly, the duty cycle varies to shift the PV voltage operating point towards the
maximum point.
The implemented IC method controller is shown in Fig. 114, where the PI block
in the diagram is to regulate the error value to match the system response requirements.
The output signal of this controller is the duty cycle which is then converted to pulses to
control the IGBT switch.
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Ipv

dI
+

×
÷

-

Duty
Cycle

dI/dV
PI

+
-

+

+

(D)

Delay

Vpv

-

Nominal
Duty Cycle

dV
-

Delay
×
÷

I/V

Fig. 114. MPPT controller block diagram
3. Controlling of Voltage Source Converter (VSC)
In this work, a widely used vector control technique is employed for the VSC
control [72]. The inverter’s control scheme is demonstrated in Fig. 115. In Phase-Locked
Loop (PLL) & measurements block, the transformer’s primary instantaneous voltages
(Vabc) and currents (Iabc) are measured and the d-q components Vdq(mes.) and Idq(mes.), as
well as the grid frequency(ω) are calculated. The Id(ref) is calculated in the DC Regulator
block from the measured VDC value. Iq(ref) is set to zero to maintain a unity power factor.
The current regulator block is a feed forward control loop that calculates the converted
voltage Vdq(conv.) from the difference between the Idq(mes.) and Idq(ref.) which is regulated by a
PI controller , and fed forward to compensate the difference in voltage at the inverter’s
terminals and the voltage at the primary of the transformer.
The current regulator's operation can be simply represented by:
Vd (Conv.)  Vd ( Mes .)  I d * Rtot  I q * Ltot  I d * ( PI )

139

(21)

Vq(Conv.)  Vq( Mes.)  I d * Ltot  I q * Rtot  I q * ( PI )

(22)

Where Rtot and Ltot are the total resistance and inductance of the choke filter and the
transformer, respectively. The pulse width modulator (PWM) will generate a train of
pulses for the IGBT switches from the U(ref.) created by Vdq(conv.).

θ

U pv (abc)
I pv (abc)
VDC
DC( Reference)

Upv dq

abc
a- ß

a- ß
d-q

VDC
Regulator

I d ( reference)

I pv dq

PWM

U conv dq

I q ( reference)
U refernce(abc)

IGBT
Pulses

Current
Regulator

a- ß
abc

Fig. 115. Inverter’s controller block diagram
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θ
d-q
a- ß

D. Grid-connected PMSG based wind farm
Fig. 116 shows the PMSG model that is being used in this work. The system consists
of one wind farm having five 2 MW PMSG generators (10 MW total capacity) connected
to the power system through step up transformers.

PMSG
0. 575/ 25 KV
j0. 025 pu
AC
DC
MSC

DC
AC
GSC

Choke

Fig. 116. Power system model with PMSG based wind farm
The PMSG configuration in Fig. 116 consists of the wind turbine blades and
gearbox, the permanent magnet synchronous machine with the stator connected to the grid
through AC/DC/AC back to back converters [73], [74]. The AC/DC converter connected
to the stator named as MSC (Machine Side Converter) is uncontrolled diode rectifier; on
the other hand, the GSC (Grid Side Converter) is to maintain the DC link voltage stable
and to control the power flow of the grid. This back to back converters arrangement
allows the generator to work on wide range of frequencies and voltages (as the wind speed
varies) while providing fixed output voltage and frequency compliant with the grid. To
reduce the harmonics generated by the power electronics converters, choke coils are
inserted in series with the GSC.
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Table 13 summarizes the generator characteristics of the implemented PMSG
system, where the wind farm contains 5 symmetrical 2 MW PMSG wind turbines. The
machine parameters are calculated in terms of the machine base. Table 14 summarizes the
converters parameters for the implemented PMSG system [75].
Table 13: Wind generator data
Generators Parameters

Value

Nominal power (P)

2.0 MW

Rated voltage (V)

730 V

Number of turbines-generators

5

Rated frequency

60 Hz

Reactance (Xd, Xq)

1.305, 0.474 pu

Stator inductance (Ls)

0.18 pu

Transient reactance (Xd’, Xq’)

0.269, 0 pu

Sub-transient reactance (Xd’’, Xq’’)

0.252, 0.243 pu

Lumped Inertia Constant (H)

0.62 s

Table 14: GSC data
Converters Parameters

Value

No. of converters units

5

Nominal Power (P)

2.0 MW

DC Bus Voltage

1100 V

Choke Inductor (Lchoke)

0.15 pu

Choke Resistor (Rchoke)
DC link Capacitor
GSC Carrier Frequency

0.003 pu
90000 𝜇F
2700 Hz
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1. Wind Turbine Modeling
For this research, horizontal axis wind turbine (HAWT) technology has been
considered. The mechanical power, P, captured by a wind turbine can be expressed as
follows,
1

𝑝 = 2 . ρ. πR2 . Vw3 . Cp (λ, β)

(23)

Where, ρ = Air density, R = Radius of the turbine blades, Vw = Wind speed, and
Cp (λ, β) = Betz constant, i.e. power conversion coefficient; which is a function of both
tip speed ratio, λ, and blade pitch angle, β. According to Betz, theoretically up to 59%
power can be extracted from the wind [76]–[78]. The tip speed ratio is defined as,
λ=

Rω

(24)

Vw

Here, ω is the mechanical angular velocity of the turbine in rad/s. To calculate the
power obtained from a horizontal axis wind turbine (HAWT) generator system, different
wind turbine modeling systems are available. Here, to model Cp (λ, β), a generic equation
is used [79]. This equation based on the modeling turbine characteristics is as follows−c5

c

𝐶𝑝 (𝜆, 𝛽) = c1 ( λ2 − c3 β − c4 ) e λi − c6 λ
i

(25)

Where,
1

0.035

𝜆𝑖 = [λ+0.08β − β3 +1]−1

(25)

The coefficients c1 to c6 are: c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21 and c6 =
0.0068.
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2. Machine Side Converter (MSC)
The machine side converter can be an either controlled rectifier or uncontrolled
diode based rectifier. In this work, the diode based rectifier has been used [80]. For the
case of the diode rectifier, the generator is designed with the terminal voltage at
maximum speed to allow for a small voltage boost in the DC–DC converter for all
situations. Since the diode rectifier can’t independently control the dq components of
generator current as the IGBT rectifier does, the model of PMSG in steady state is enough.
3. Grid Side Converter (GSC)
The GSC is a symmetrical replica of the RSC in construction; however, the
purpose of this converter is to synchronize the connection point with the grid in terms of
voltage level and frequency. Furthermore, the GSC maintains the DC link voltage
regardless of the rotor active and reactive power flow. The GSC controller scheme is
given in Fig. 117.
The converter voltage is calculated according to:
𝑉𝑐𝑑 = 𝑅𝑐ℎ𝑜𝑘𝑒 𝑖𝑐𝑑 + 𝐿𝑐ℎ𝑜𝑘𝑒
{
𝑉𝑐𝑞 = 𝑅𝑐ℎ𝑜𝑘𝑒 𝑖𝑐𝑞 + 𝐿𝑐ℎ𝑜𝑘𝑒

𝑑𝑖𝑐𝑑
𝑑𝑡
𝑑𝑖𝑐𝑞
𝑑𝑡

− 𝜔𝑒 𝐿𝑐ℎ𝑜𝑘𝑒 𝑖𝑐𝑞 + 𝑣𝑐𝑑1
+ 𝜔𝑒 𝐿𝑐ℎ𝑜𝑘𝑒 𝑖𝑐𝑑 + 𝑣𝑐𝑞1

(26)

The PWM of this converter is a current regulator that employs the d-q axis
control. The d axis is aligned with the grid voltage, the grid voltage is assumed constant,
and hence, Vcq is zero and Vcd is constant. The active and reactive power flowing is
proportional to icd , icq as demonstrated in the following:
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Fig. 117. Vector control for grid side converter
From the previous equation, the active power delivered via the converter depends
on the d axis current. The DC voltage depends on the d axis current and it is used to
regulate the DC-link voltage. At steady state, 𝐼𝑑𝑐 (𝑔) − 𝐼𝑑𝑐 (𝑟) = 0, accordingly, the DClink voltage is fixed, and the term 𝐿𝑐ℎ𝑜𝑘𝑒

𝑑𝑖𝑐𝑑
𝑑𝑡

is eliminated. Thus the reference voltage

∗
Vcd
is equal to the grid voltage in addition to the voltage drop across the choke.

However, once fault occurs on the grid side, icd increases based on the relationship
below,

Pdc  Vdc I dc  Pc  3Vcd icd
C
{

𝑑 𝑉𝑑𝑐
𝑑𝑡

= 𝐼𝑑𝑐 (𝑔) − 𝐼𝑑𝑐 (𝑟)

𝐼𝑑𝑐 (𝑔) =

3𝑚
2 √2

icd
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(28)

𝐼𝑑𝑐 (𝑔) Increases as well, 𝐼𝑑𝑐 (𝑔) − 𝐼𝑑𝑐 (𝑟) = 0 equation is no longer true, thus,
∗
the DC-Link voltage spikes, and the reference current 𝑖𝑐𝑑
is regulated according to the
∗
DC-Link voltage variations, and so is the reference voltageVcd
. Similarly, the q axis

component is used to regulate reactive power flow.
The converter side reference d-q voltages (V*cq. V*cq) are calculated according to,
∗
′
𝑉𝑐𝑑
= −𝑉𝑐𝑑
+ 𝜔𝑒 𝐿𝑐ℎ𝑜𝑘𝑒 𝑖𝑐𝑞 + 𝑣𝑐𝑑
{
∗
′
𝑉𝑐𝑞 = −𝑉𝑐𝑞
− 𝜔𝑒 𝐿𝑐ℎ𝑜𝑘𝑒 𝑖𝑐𝑞

(29)

′
′
Where, Vcd
, Vcq
are the voltage component at the converter terminal point and Vcd

is the voltage at the grid point. Using Park's inverse transformation gives Vabc to PWM
pulse generator to generate required pulses for the GSC converter [75].
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E. Proposed placement optimization algorithm
1. Linear, multiple dimension, discrete, constrained optimization
Optimization is an essential engineering technique that aims to find the perfect
solution in a reduced time, less calculation complexity and lower cost for any problem.
For instance, engineers are interested in applying optimum processes in planning while
reducing cost and maximizing efficiency. Moreover, optimization is a mathematical tool
to resolve for many problems. Finding the perfect solution depends on the definition of
the parameters and percentage of tolerance in the problem. So turning any problem into
an optimization problem requires a full understanding of the problem variables and the
manner of problem formulation.
Some problems have direct answers, such as finding the longest day of the year is
considered an obvious problem. However, some problems require finding the maximum
and the minimum of a certain function, and the function can be dependent on multiple
variables. The optimization problem must be formulated to find the best solution for all
the possible solutions corresponding to the variables’ values.
For example, changing the inputs of a function changes its characteristics, thus the
optimization process (Fig. 118) is done by mathematical or experimental tools to obtain
the best output [81].
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Fig. 118. Optimization process
Input variables are a function of a problem that is known: objective function or
fitness function. The output is defined as profit or cost. It can be seen that optimization
problems can be defined as minimization or maximization problems. Sometimes an
optimization problem is called mathematical programming. An optimization problem in
terms of mathematical programming:

Minimize f(x)
Subject to :
g1i ( x)  b1 , i  1,2,3,..., m
g 2 i ( x)  b2 , i  1,2,3,..., m
.
.
.
g n i ( x)  bn , i  1,2,3,..., m
In the above equation x=(x1, x2, …, xm) is the main variable of the problem. f(x) is
the objective or cost function, the output of this function is the minimized (Cost) or
maximized (Profits). g(x) are the constraints, the constraints functions are dependent on
the main variable of the objective function x. The constants b are the constraints limits.
Optimization problems can be either a Multiple or a single dimension
optimization. If there is only one variable in a problem it is called single-dimension
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optimization, but if there is more than one variable in a problem it is called multipledimension optimization [82]. Optimization problems can also be a dynamic or static
problem, in the dynamic problem, the objective function is time dependent, otherwise, it
is called a static optimization [83].
In this chapter, the problem is finding the minimum number of GIC blocking
devices required to efficiently limit the GIC current flowing via the neutral of the
systems. This must be achieved considering multiple constraints, i.e. the voltage
deviation, neutral current deviation, active and reactive power deviation and DC-Link
voltage deviation. The GIC magnitude varies with the geoelectric field and the GMD
direction, and accordingly, the optimal solution must consider all those cases. So the
problem in hand is linear, multiple dimension, discrete, constrained optimization
problem.
2. Optimization algorithm outlines
There are many methods for solving linear optimization problems that are
available in the literature [81], [84], [85]. Optimization techniques can be either iterative
or heuristic. Iterative methods are guaranteed to produce an exact optimal solution if time
or memory is not limited, on the other hand, heuristic optimization can provide
approximate solutions to some optimization problems. Thus they are considered faster
than iterative method. However, heuristic optimization techniques are not accurate
enough, especially for the application of blocking device placement in power systems.
They give a different solution every time.
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In order to give a deterministic solution, in this chapter a trial-and-error based
optimization is considered, where the optimization is constrained by system parameter
deviation.
The proposed algorithm is shown in Fig. 119. The input variables in this study are
Geoelectric field magnitude and the geomagnetic storm angle. The following steps
explain the flow diagram in the sequence order the algorithm is run.
The geoelectric field values under consideration are E= [1, 3, 5, 7, 10] v/km.
Although there are different references that considered higher values for the geoelectric
field such as 20 and 30 v/km [22], [86], the maximum value recorded for the geoelectric
field varied between 7-8 v/km [87].
1. Geomagnetic storms vary continuously in direction θ (degree). Accordingly, the value
of the geoelectric field (E) that drives the GIC will vary based on the angle between
the transmission line and direction of the E vector. It is important to test the
effectiveness of the proposed placement technique under all direction cases. So, θ is
considered to vary from 0 to 360 with a step of 45 degrees.
2. The Geoelectric field horizontal (Ex) and vertical (Ey) components are calculated
accordingly:

Ex  E. cos
E y  E.sin

(30)

3. The magnitudes series horizontal (Vx) and vertical voltage (Vy) source that drive the
GIC in the transmission lines are then calculated:
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Vx  E. cos .lx  Ex .lx

(31)

Vy  E.sin .l y  E y .l y
Where, lx and ly are the total length of the transmission line segment.
4. Once the Vx and Vy are calculated, they are plugged in the SIMULINK model.

5. The permutation of all the possible solutions (xi) is generated. x is a binary vector that
consists of k elements, where k is the number of neutral grounding points in a system.
Each digit in the binary number corresponds to a grounding point. The ones (1) mean
BDs are installed and the zeros mean that no BD is installed at that points. xi’ vectors
are placed in a matrix of that has 2k rows and organized in an ascending manner. The
BDs installed are variable grounding resistor with the value of 50 Ω.
Note: The fuzzy logic controller used in this chapter has the similar membership
functions as in chapter V, section B.3. However, the fuzzy rule table is scaled down
to 50 Ω as shown in Table 15.
Table 15. Fuzzy rule table for the variable grounding resistance used in the distribution
system
Resistance Value (Ω)
0
16
25
35
50

In (A)
Z
PS
PM
PL
PEL

6. In the first iteration, under a specific E and θ, i=1 and so xi = x1. The initial solution is
plugged in the MATLAB/SIMULINK model. And the model is then run and the
systems parameters are recorded for post-simulation testing. i is the row number in
the solution matrix.
7. After the simulation ends, the obtained parameters are tested on the given constraints:
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k

Minimize f(xi )   xi (n)
n 1

Subject to :
V j ( xi )  0.96 pu,
I j ( xi )  1.05 pu,
Vdc j ( xi )  0.05 pu,
In n ( xi )  15 A,
p j ( xi )  0.95 pu,
Q j ( xi )  0.3 pu,
Where, j=1,2 , …, m. m is the number of distributed generators and n= 1,2, …, k. n is
the grounding point number. For the case considered in this chapter k=11 and m=2.
8. If the constraints are satisfied, the results are saved and the conditions (E and θ) are
updated.
9. If the results violate the constraints limit, a penalty will be applied to the value of i.
The penalty is not fixed and will vary according to the sum of the neutral current
deviation and the number of neutral points (k).
10. The xi vector values are updated and plugged in the SIMULINK model. The model is
tested again and the steps from 7 to 11 are repeated until the perfect solution is
obtained.
11. Once all the cases of the geoelectric field and the angle of the GMD storm is tested
and the optimal solution is found, a cubic matrix is generated to summarize the cases
n , θ, and E.
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Start

For loop: GMD Direction
θ =[ 0:45:315]

For loop: GMD intensity
E=[1, 3, 5, 7, 10]

Initial Solution Xi=X0

Run SIMULINK Model

X
Calculate GIC through
System Neutral Points

(i  k

k

 In )
n 1

Yes
V, P, Q, I Violation?

No
Optimal Solution
Save [Xi, E, θ, V, I, P, Q ,Vdc, In]
No

E= EMAX ?
Yes

No

θ = θMAX ?
Yes
Generate Summary Table

Fig. 119. Proposed optimization algorithm
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F. Simulation Results
The system shown in Fig. 112 is considered here. The experiment is performed on
two stages; (1) Investigating the effect of the GIC on the distributed generators, and (2)
Applying the placement algorithm and validating its results on the system.
1. Investigating the effect of the GIC on the distributed generators
In the first part, the focus is on the PV plant inverter, the simulation time is
considered to be 1s. The GIC is injected at the neutral of the high-voltage side of the
transformer at t=0.5s for 0.1 seconds (6 cycles) with the magnitude of (-100 A). The
effect of the GIC is evaluated in terms of the DC link, the inverter output voltage, the
inverter control pulses, and the harmonics content of the system on both sides. In order to
test the effect of the GIC presence flowing in the primary circuit, the secondary
configuration is considered to be wye and delta in two different cases.
In Fig. 120, the inverter consists of 3 legs of two switches. Each leg corresponds
to one of the phases (A, B, C). Phase A voltage (Va) is dependent on the status of
switches S1 and S2. Generally, if S1 is conducting, then Va is in the positive half cycle
(Va=+Vdc), and if S2 is conducting, then Va is negative (Va=-Vdc). The Switches S1 and
S2 are never pulsed to conduct simultaneously. The Diodes D1 and D2 are placed to
return the flowing currents back to the source in the time between the switching.
S1

S3

S5

Δ Y
S2

S4

S6

Fig. 120. 6 pulses, 2 level, IGBT Inverter configuration
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Normally, the switching of the IGBT will result in the waveform that is similar to
a sinusoidal wave. And some filters are used to eliminate the ripples and notches. As seen
from Fig. 121, the pulse width is varied and so is the conduction period.

Fig. 121. Phase A voltage, Conduction of corresponding IGBT in normal conditions
In the presence of GIC, system uncharacteristic harmonics are present in the
primary side of the transformers. Thus, this will result in ac voltage waveform distortion
in the secondary circuit (Fig. 122 and Fig. 123). If the secondary side of the transformer
is connected in wye, zero sequence harmonics on the primary side are replicated in the
secondary circuit. That is the reason behind connecting the secondary circuits in delta.
However, delta connections do not have a neutral point and can only block the zero
sequence currents but the negative sequence currents are amplified on the low voltage
side. Also, in the case of 12-pulse-converters, it is necessary to use a delta secondary and
a grounded wye tertiary.
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GIC=-100 A at t=0.5s

Fig. 122. Phase A voltage, Conduction of corresponding IGBT in normal conditions
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GIC Injected at t=0.5s

Fig. 123. Inverter output phase voltages before and after GIC presence
Fig. 124 and Fig. 125 show the harmonics content in the secondary circuit voltage
waveform in the cases of delta connected and wye connected low side, respectively.
From the figures, it is clear that the negative sequence harmonics have substantial
magnitudes in both Δ and Y cases. However, in the Y case, the 3rd harmonic (zero
sequence) is present because of the neutral path. Also, in the Y case, the DC shift is
increased. In order to quantify the harmonics presence and their distortion, harmonic
level measuring indices are adopted in IEEE Std. 519-2014, such as the total harmonic
distortion (THD %).

V22  V32  V42  ...  Vn2
THD % 
V1

(32)

The total harmonic distortion limit is 5 percent, based on the requirements of
IEEE Std. 519, According to Table 16, the THD limit is violated under the presence of
GIC. Also the THD levels on the secondary circuit are much higher as compared to those
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in the primary. This means that the GIC imposes more severe impact on the low voltage
circuit than in the high voltage circuit.
Table 16. THD% on the primary and secondary circuits in case of Δ and Yg secondary
Secondary
Connection
Delta (Δ)
Wye (Yg)

Secondary THD
After the 1st
1st cycle value
cycle
30.0%
11.1%
36.5%
12.8%

Primary THD
After the 1st
1st cycle value
cycle
7.65%
1.32%
8.01%,
1.35%

Fig. 124. Secondary Δ circuit harmonics components: h0, h1, h2, h3, h5, h8
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Fig. 125. Secondary Yg circuit harmonics components: h0, h1, h2, h3, h5, h8
The harmonics generated by the GIC not only deform the waveshape of the
voltage, but also cause voltage unbalance in the three phase system. To clearly identify
the severity of voltage unbalance in the system, there are unbalance factor adopted by the
industrial standard, i.e. phase voltage unbalance ratio PVUR and voltage unbalance ratio
VUR. The IEEE Std. 112.2004 definition of the phase voltage unbalance rate (PVUR) is
given by %PVUR max voltage deviation from the avg phase voltage avg.

PVUF % 

Max : Van 

Van  Vbn  Vcn
V  Vbn  Vcn
V  Vbn  Vcn
, Vbn  an
, Vcn  an
3
3
3
.100%
Van  Vbn  Vcn
3

(33)

On the other hand, the true definition of voltage unbalance is defined as the ratio
of the negative sequence voltage component to the positive sequence voltage component
[88]. The percentage voltage unbalance factor (% VUF), or the true definition, is given
by:
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1
(Va  a 2Vb  aVc )
V2
VUF %  .100%  3
1
V1
(Va  a 2Vb  aVc )
3

(34)

Table 17 summarizes the measured PVUF and VUF for the cases of Δ and Yconnected secondary and considering the direction of the GIC. The negative notion (-100
A) is given when the GIC is assumed to be leaving the transformer’s neutral and the
positive (+100 A) is given when the current enters the transformer’s neutral. From the
Table 16, it is seen that PVUF values are only affected by the connection of the
transformer and not by the direction of the GIC current, and this is due to its dependency
on the zero sequence harmonics. On the other hand, the VUF is calculated based on the
ratio of the negative sequence to the positive sequence harmonics, thus it is dependent on
both the connection of the transformer and the direction of the GIC current.
Table 17: PVUF and VUF for the cases of Δ/Y and different GIC polarities
PVUF
Secondary
Connection
Delta (Δ)
Wye (Yg)

VUF

-100 A

+100 A

-100 A

+100 A

6.45%
10.18%

6.25%
9.61%

12.3%
14.33%

6.99%
8.48%

Fig. 126 and Fig. 127 show the dc currents and the dc voltage during the GIC for
the cases of Δ and Y-connected secondary. It is observed that Idc(out) increases and as a
result, Δ Idc decreases, which in turn reduces the DC voltage,Vdc across the capacitor.
Thus, the power flow is changed from “to the grid” into “from the grid”. Then Δ Idc
increases back again due to reversed current direction. Vdc also increases. These spikes in
DC voltage not only alter power flow but also harm the power electronic devices.
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Similarly, in the case of Y-connected secondary, the dc voltage decreases for the
first cycle, then it spikes as the power flow changes its direction. However, in the case of
Y, the system does not regain stability after the GIC pulse ends due to decaying
remanence of the GIC current in the primary circuit.

Fig. 126. Effect of GIC on DC-Link voltage and current in the case of Δ

Fig. 127. Effect of GIC on DC-Link voltage and current in the case of Y
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2. Applying the placement algorithm and validate its results on the system
After investigating the adverse effect of the GIC on distributed generators and on
the secondary circuit of the transformer, the GIC must be suppressed to avoid the
complications. As mentioned in section E of this chapter, in multiple-grounding-pointspower system it is more convenient to optimize the assignment and the number of the
blocking devices placed the system. Thus, the algorithm in Fig. 119 is applied, and as a
result, the figures (Fig. 128 and Fig. 129) are generated.
Fig. 128 shows the 40 cases where electric field intensity varies in both magnitude
and direction on the y-axis and z-axis of the matrix. On the x-axis, the neutral points are
considered for installation. Fig. 129 is highlighting the points where the neutral currents
exceeded the average limit (15 A).

Fig. 128. Solution matrix considering the points where BDs are to be installed
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Fig. 129. Solution matrix considering the points of critical neutral currents
To validate the effectiveness of the proposed method, the severest case of the
geoelectric field of 10 v/km at the angle of 270 degrees is considered. Fig. 130 shows the
neutral current without BDs installed and as a result, the highest neutral current recorded
is 473 A at the grid transformer high side (TGridH). Fig. 131 shows the neutral current
with BDs installed at the points optimized in Fig. 129. The highest neutral current
recorded is 14.9 A only.
Fig. 132 and Fig. 133 show the PMSG and the PV plant parameters, respectively,
during the GIC event (in the case of E=10v/km at θ=270) with and without the placement
of BDs. The improvement in both PV and PMSG parameters is clear, also, all the
parameters are limited within the tolerated range.
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Fig. 130. Neutral currents without BDs installed in the case of E=10v/km at θ=270

Fig. 131. Neutral currents with optimized BDs’ placement in the case of E=10v/km at
θ=270
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Fig. 132. PMSG generator’s parameters with and without BDs placement in the case of
E=10v/km at θ=270

Fig. 133. PV Plant’s parameters with and without BDs placement in the case of
E=10v/km at θ=270
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G. Conclusion
In this chapter, firstly, the effects of GIC on distributed generators are
investigated elaborately. It is found that although the GIC is induced in the primary
circuits, its effects are amplified in the secondary circuit of the transformer. The analysis
considered two configurations on the low voltage side Δ and Y cases. Also, the direction
of the GIC current is varied to record the direction effect on voltage unbalance and
harmonic content. Secondly, the placement of the BDs in a multi-neutral-point power
system is formalized into an optimization problem. The optimization reduces the number
of the BDs installed and eliminates the risk of redistributing the GIC. From the
simulation results, the following are concluded.


The presence of GIC in the primary side of the transformers results in ac voltage
waveform distortion in the secondary circuit.



Wye connected secondary circuits replicated the zero sequence current of the
primary. The Delta connection eliminates the zero sequence currents, but causes
negative sequence harmonics to flow in the circuit.



The negative sequence harmonics in the secondary is significantly high. The sum
of the first three negative sequence voltages exceeds 0.25 pu.



The THD level in the secondary circuit is higher than it is in the primary circuit.



The harmonics generated by the GIC not only deforms the waveshape of the
voltage, but also causes voltage unbalance in the three phase system. Two indices
were used to measure the unbalance PVUF% and VUF%.



Both PVUF% and VUF% values are affected by the secondary connection.
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Only the VUF% successfully indicates the effect of the GIC direction on the
voltage unbalance.



The presence of the GIC in the primary circuit would generate harmonics in the
secondary circuit, which in turn alter the stability of the DC voltage, therefore it
reverses the power flow of the PV plant.



The spikes in the DC voltage during the GIC can harm the switching devices and
may cause thermal losses, which eventually will burn out the power inverters.



The placement optimization works effectively. The results of the algorithm
proposed are precise and ensure seamless operation of the system at lower cost.
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CHAPTER 8
CONCLUSION & FUTURE WORK
A. Conclusion
This dissertation draws the following conclusions.
1) The first stage of this study (chapter 3) investigates the modeling of the GIC in
the power systems based on the planetary space weather data and the earth conductivity
models. It is found that the GIC is best modeled as voltage source placed in series with
the transmission lines that drives the GIC. If modeled so, the voltage source can represent
the geoelectric field caused by a uniform and non-uniform geomagnetic disturbances.
2) The experiments conducted in the second stage of this study (chapter 4)
concluded that the GIC has the most impact on AC power transformers of higher voltage
level, i.e. 765 kv transformers. Also, it is found that the shell type transformers are the
most vulnerable to GIC. In addition, although the GIC does not flow in the delta
connected transformers, it is found that the flow of the negative sequence harmonics on
the delta side of the high voltage transformers causes the thermal damages on the delta
side of the generator step-up transformer.
3) Stage 3 of this dissertation (chapter 5) proposed a variable grounding resistor
not only to mitigate the GIC current but also to suppress the zero-sequence current
associated with the unsymmetrical faults. The proposed method has three permutations:
(1) the PI switched variable grounding resistor, (2) the look-up-table switched variable
grounding resistor, and (3) the fuzzy logic controlled varistor. From the simulation
results, it is concluded the variable grounding resistor in all forms effectively suppress the
GIC and the zero-sequence fault current. Also, it is found that the grounding resistor
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performance surpasses that of the fixed capacitor method that is currently adopted by the
industry.
4) The series variable reactance is proposed in chapter 6 as an alternative multiobjective method to block the GIC, limit fault current, regulate voltage and compensate
transmission line reactance. The series variable reactance is controlled by voltage and
neutral current based fuzzy controller. From the simulation experiments carried out, it is
shown that the series variable reactance blocks the GIC current and reduces the
symmetrical and unsymmetrical fault current. Moreover, the capacitor helps maintain the
generator terminal voltage.
5) In the final stage of this work (chapter 7), the placement of GIC blocking
devices (BDs) is formulated into an optimization problem. An algorithm is built to
minimize the number of BDs installed and to optimize the critical placement points.
Moreover, two new areas were added to the GIC research that has not been considered
before; the impact of GICs on (1) sub-transmission and distribution systems and (2) on
distributed renewable generators. As a result, the GIC has a huge impact on the DC-link
voltage besides the line voltage and swings in the power of the distributed generators. In
addition, the effectiveness and the accuracy of the proposed algorithm are validated well.
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B. Future Work
The primary objective of this dissertation is to reduce the adverse effect of GIC on
power systems’ components while maintaining the rest of the system parameters. So in
the future, this work can be extended to the following directions:


An IEEE standard system that includes a larger number of substations should be
considered. This would entail more realistic system dynamic and transients.



More realistic features should be included in the system, such as autotransformers.
Since autotransformers share parts of the primary and secondary windings, they are
modeled differently from delta/wye transformers and have different equivalent
resistive value.



Although the HVDC transmission lines are DC based ultra-high voltage lines, but
they are interfaced with HVAC transmission line via electronic converters. And due
to the harmonic presence, the GIC might affect the rest of the system.



The flow of negative sequence harmonics in the power system is an unusual
phenomenon. As an extension to this finding, the system relays and protection
devices’ behavior to the negative sequence harmonics can be explored.
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